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Abstract
Brown adipose tissue (BAT) is a thermogenic organ, which helps to protect body temperature against cold
and can counteract metabolic disease. Numerous pathways modulate the activity of BAT in a highly
regulated and coordinated manner to exert tight control over its immense calorie burning capacity.
However, less is known regarding the transcriptional and epigenomic mechanisms controlling the
thermogenic gene program of brown adipocytes. Here, we show that histone deacetylase 3 (HDAC3) is
required for the activation of BAT enhancers to ensure thermogenic aptitude, thus enabling survival of
dangerously cold environmental temperature. Loss of HDAC3 leads to deficient expression of uncoupling
protein 1 (UCP1) and oxidative phosphorylation genes, resulting in an inability to survive severely cold
temperatures. Mechanistic studies demonstrate BAT HDAC3 functions as a coactivator of the nuclear
receptor estrogen-related receptor α (ERRα), through deacetylation of PGC-1α to promote enhancer
activation and gene transcription. Remarkably, this coactivator function of HDAC3 is required for the basal
expression of the thermogenic gene program and occurs independently of adrenergic signaling. Thus,
HDAC3 primes Ucp1 and the thermogenic transcriptional program to maintain a critical capacity for BAT
to enable survival of dangerously cold temperature.
We further demonstrate that short environmental exposure to a moderate cold temperature circumvents
the genetic requirement of HDAC3 for Ucp1 transcriptional activation. Environmental exposure facilitates
a persistent epigenomic rescue mechanism permitting the prolonged expression of thermogenic genes
and an acquired BAT aptitude to avert hypothermia. Notably, we discovered that moderate cold activates
BAT ERRα enhancers in an HDAC3-independent manner. Together, these studies identify for the first time,
that BAT HDAC3 coactivation of ERR enhancers promotes a basal thermogenic transcriptional program
ensuring cold survival, while HDAC3-independent mechanisms, signaling from a moderate cold
environment to genes, imparts epigenomic changes to influence the BAT thermogenic capacity against
probable and impending dangerously cold temperatures.
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ABSTRACT
HISTONE DEACETYLASE 3 AND THE EPIGENOMIC REGULATION OF BROWN ADIPOSE
PHYSIOLOGY
Matthew Joseph Emmett
Mitchell A. Lazar

Brown adipose tissue (BAT) is a thermogenic organ, which helps to protect body
temperature against cold and can counteract metabolic disease. Numerous pathways
modulate the activity of BAT in a highly regulated and coordinated manner to exert tight
control over its immense calorie burning capacity. However, less is known regarding the
transcriptional and epigenomic mechanisms controlling the thermogenic gene program
of brown adipocytes. Here, we show that histone deacetylase 3 (HDAC3) is required for
the activation of BAT enhancers to ensure thermogenic aptitude, thus enabling survival
of dangerously cold environmental temperature. Loss of HDAC3 leads to deficient
expression of uncoupling protein 1 (UCP1) and oxidative phosphorylation genes,
resulting in an inability to survive severely cold temperatures. Mechanistic studies
demonstrate BAT HDAC3 functions as a coactivator of the nuclear receptor estrogenrelated receptor α (ERRα), through deacetylation of PGC-1α, to promote enhancer
activation and gene transcription. Remarkably, this coactivator function of HDAC3 is
required for the basal expression of the thermogenic gene program and occurs
independently of adrenergic signaling. Thus, HDAC3 primes Ucp1 and the thermogenic
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transcriptional program to maintain a critical capacity for BAT to enable survival of
dangerously cold temperature.
We further demonstrate that short environmental exposure to a moderate cold
temperature circumvents the genetic requirement of HDAC3 for Ucp1 transcriptional
activation.

Environmental

exposure

facilitates

a

persistent

epigenomic

rescue

mechanism permitting the prolonged expression of thermogenic genes and an acquired
BAT aptitude to avert hypothermia. Notably, we discovered that moderate cold activates
BAT ERRα enhancers in an HDAC3-independent manner. Together, these studies
identify for the first time, that BAT HDAC3 coactivation of ERR enhancers promotes a
basal thermogenic transcriptional program ensuring cold survival, while HDAC3independent mechanisms, signaling from a moderate cold environment to genes,
imparts epigenomic changes to influence the BAT thermogenic capacity against
probable and impending dangerously cold temperatures.
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Chapter 1
General Introduction: Histone Deacetylase 3 and the
Epigenomic Regulation of Integrative Physiology

In Preparation, Nature Reviews Molecular Cell Biology.
Emmett and Lazar
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Abstract
Histone deacetylase 3 (HDAC3) is an important epigenomic regulator governing
mammalian metabolic pathways, physiology, and development through tissue specific
mechanisms. Unlike other histone deacetylases, HDAC3 is the sole HDAC that
modulates nuclear receptor mediated transcription across tissues. Here, we review
recent advances in our understanding of epigenomic mechanisms by which HDAC3
regulates cell-type specific enhancers to control gene expression and important effects
on metabolism and physiology. Recent studies integrating genetics, genomics,
transcriptomics, metabolomics, and proteomics to interrogate the effects of HDAC3 in
different tissues have revealed unanticipated HDAC3 mechanisms and loss-of-function
phenotypes that have revealed new insights into metabolic physiology, disease states,
and mammalian development. Further, these findings highlight an important cautionary
tale for extrapolation of protein function amongst different tissues, the need for careful
cell-type specific studies in vivo, and the complexity of informed drug design.

Introduction

Regulation of gene expression is essential for the coordination and initiation of complex
mammalian biological processes. This coordination occurs basally to support
homeostatic the functions of a cell, or under the influence of a milieu of highly dynamic
cues stemming from physiological signals, the environment, or by neighboring cells and
tissue, amongst others, to impact and change gene expression. Changes in gene
expression are controlled primarily through cis-regulatory enhancer elements and bound
by sequence-specific transcription factors. However, the local chromatin environment at
2

enhancers and gene bodies also influences gene regulation. Epigenomic modifications
of histone tails also influence chromatin structure as well as the binding of transcriptional
regulators thereby influencing gene expression. Transcriptional coregulators act as
intermediaries bridging transcription factor binding to the recruitment of chromatinmodifying enzymes to facilitate transcriptional changes.
Since Allis and colleagues discovered a transcription-associated Tetrahymena histone
acetyltransferase (HAT) with homology to the yeast transcriptional adaptor protein GCN5
(Brownell and Allis, 1995; Brownell et al., 1996), histone acetylation has been linked to
gene transcription. Many coactivators have since been shown to have HAT activity,
including p300, CBP, pCAF, and TAFII250 (Bannister and Kouzarides, 1996; Chen et
al., 1997; Mizzen et al., 1996; Ogryzko et al., 1996; Spencer et al., 1997; Yang, XJ;
Ogryzko, VV; Nishikawa, J; Howard, BH; Nakatani, 1996) and pronounced effects on
gene transcription. The acetylation of histone tails can recruit proteins with bromo
domains (Dhalluin et al., 1999; Tamkun et al., 1992), including BRD4, that can facilitate
the scaffolding of protein complexes on chromatin, can act as transcription factors, and
may contain intrinsic catalytic functions, all serving as mechanisms to promote and
regulate transcription (Fujisawa and Filippakopoulos, 2017; LeRoy et al., 2008).
Moreover, histone acetylation can compete with other post-translational modifications
(PTMs) with different transcriptional consequences, such as methylation, and may also
affect PTM of neighboring histone residues (Allis and Jenuwein, 2016; Berger, 2002).
Thus, is it critical that histone acetylation is reversible due to the action of histone
deacetylases (HDACs) (Seto and Yoshida, 2014).

3

The HDAC family

Schreiber and colleagues were first to isolate and characterize and HDAC, which is now
known as HDAC1 (Taunton et al., 1996). HDAC1 was found to be structurally related to
yeast transcription factor rpd3 (Kadosh and Struhl, 1998; Rundlett et al., 1996; Taunton
et al., 1996; Yang and Seto, 2008), and it is the founding member of 11 highly conserved
mammalian genes comprising the HDAC family (Gregoretti et al., 2004). Those most
closely related to HDAC1 are referred to as Class I HDACs, which consists of HDACs 1,
2, 3, 8. Class II HDACs are further subdivided into Class IIa (HDAC 4, 5, 7, 9), class IIb
(6, 10), and class IV (HDAC 11). All of these proteins contain a conserved deacetylase
domain, although enzymatic activity has been difficult to demonstrate for some,
particulary class IIa HDACs (Haberland et al., 2009; Lahm et al., 2007). HDACs
comprising class I, II, and IV are all metalloenzymes require zinc (Zn) metal for
enzymatic function (Yang and Seto, 2008). Whereas, a third class of HDACs called
Sirtuins are less related to HDAC1, and catalyze histone deacetylation by a mechanism
that consumes NAD (Chalkiadaki and Guarente, 2012; Chang and Guarente, 2014;
Schwer and Verdin, 2008). There is biological interest in all of the HDACs, which have
been reviewed elsewhere (Haberland et al., 2009; Yang and Seto, 2008). The purpose
of this review is to provide a deep dive into HDAC3, whose molecular and physiological
functions are quite distinct from those of other HDACs. Indeed, HDAC3 unlike other
HDACs, is conserved only from flies to mammals (Yang and Seto, 2008), where it
uniquely regulates different genes and physiological processes in different tissues, and
this review will focus on the understanding this pleiotropic biology.
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HDAC3 functions in nuclear receptor corepressor complexes

HDAC3 is the predominant HDAC associated with nuclear receptor corepressors.
HDAC3 was initially discovered based on its homology to HDAC1 (Emiliani et al., 1998).
The intimate relationship between HDAC3 and nuclear receptor corepressors became
apparent in 2000, when HDAC3 was independently identified as a stoichiometric
component of complexes containing Silencing Mediator of Retinoid and Thyroid
Receptors (SMRT, also called NCOR2) (Guenther et al., 2000) and Nuclear Receptor
Corepressor (NCOR, also called NCOR1) (Li et al., 2000). Both NCOR and SMRT
complexes also contain the WD40-containing proteins TBL1 (Guenther et al., 2000) and
TBL1R(Yoon et al., 2003), as well as GPS2 (Zhang et al., 2002).

Together, the

molecules comprise the core components of the NCOR/SMRT complex. Importantly,
although earlier studies had demonstrated in vitro interactions between NCoR or SMRT
and other Class I HDACs including HDAC1 (Heinzel et al., 1997; Kao et al., 2000; Nagy
et al., 1997), HDAC3 was the only Class I HDAC found in endogenous NCOR and
SMRT complexes. Class II HDACs were also shown to interact with NCOR and SMRT
in vitro and when overexpressed in mammalian cells (Huang et al., 2000; Kao et al.,
2000) but they have not been identified in endogenous NCOR or SMRT complexes.
However, HDAC3 has been found in association with Class IIa HDACs, where it has
been suggested to provide the deacetylase activity of those complexes (Fischle et al.,
2002).

5

HDAC3 enzyme activity is dependent upon interaction with
nuclear receptor corepressors
Not only is HDAC3 a core stoichiometric component of the NCOR/SMRT complexes, but
its catalytic activity relies on direct interaction with a conserved region of NCOR and
SMRT referred to as the Deacetylase Activating Domain (DAD) (Guenther et al., 2001;
Ishizuka and Lazar, 2005). This has been confirmed by multiple groups (Codina et al.,
2005; Zhang et al., 2002), and the crystal structure of the SMRT DAD bound to HDAC3
revealed the atomic details of the activating interaction, including both protein-protein
interactions as well as an inositol tetraphosphate (IP4) molecule acting as an ionic
bridge between the two polypeptides (Codina et al., 2005; Oberoi et al., 2011; Watson et
al., 2012a). Together, the DAD and IP4, interacts with HDAC3 to generate a
conformational change to facilitating access of substrates into the catalytic channel
(Arrar et al., 2013; Watson et al., 2012b). The critical role of the DAD domain in the
biological activation of HDAC3 was demonstrated in mutant mice harboring DAD domain
mutations in both alleles of NCOR and SMRT (Alenghat et al., 2008; You et al., 2013).
The structure of HDAC3 is most similar to HDAC8 (Gregoretti et al., 2004; Hu et al.,
2000; Marmorstein, 2001), and both require an active site phenylalanine for catalysis
(Gregoretti et al., 2004; Marmorstein, 2001). Embryonic and adult tissue of these mice
had wildtype levels of HDAC3, but the HDAC3 protein had no detectable catalytic activity
(You et al., 2013).

Most cellular HDAC3 exists NCOR/SMRT complexes, and any

excess is found together with the TRiC chaperone complex (Guenther et al., 2002),
whose role as HDAC3 chaperone in the assembly of the corepressor-HDAC3 complex is
reminiscent of its role in the assembly of other multi-protein enzyme complexes,
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including VHL and cyclin E-Cdk2 complex (Boudiaf-Benmammar et al., 2013; Dunn et
al., 2001; Feldman et al., 1999; Yam et al., 2008).

HDAC3 demonstrates catalytic-dependent and catalyticindependent functions
HDAC3 is essential for life (Bhaskara et al., 2010; Lewandowski et al., 2014;
Montgomery et al., 2008); however, its intrinsic catalytic activity may be dispensable for
survival (Alenghat et al., 2008; You et al., 2013). Recent work has demonstrated a
striking discrepancy in the correlation between histone acetylation and gene activation,
as loss of acetylation does not always impair gene transcriptional activity (Kasper et al.,
2010). Conversely, treatment of cells with histone deacetylase inhibitors (HDIs) does not
necessarily increase the transcription of HDAC (Lopez-Atalaya et al., 2013) or more
specifically, HDAC3 target genes (Mullican et al., 2011). In fact, a catalytic-dead mutant
of HDAC3 can rescue gene repression genome-wide while failing to decrease histone
acetylation levels (Sun et al., 2013). This finding sheds light on the biology of HDAC3,
where at some genomic sites it may serve a primary role as a scaffold, much like the
class IIa HDACs which demonstrate no catalytic activity (Lahm et al., 2007), for other
proteins to bind and regulate transcription (Mihaylova et al., 2011). These interesting
observations must be taken into account when evaluating the biological and
physiological roles of HDAC3 throughout different tissues, as well as in the design of
therapeutic strategies against HDAC3 and other chromatin regulators.
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Tissue-specific functions of HDAC3
Germline deletion of HDAC3 is lethal early in embryogenesis (Bhaskara et al., 2008;
Lewandowski et al., 2015; Montgomery et al., 2008), illustrating that HDAC3 function is
non-redundant with that of other HDACs. Advances in mouse genetics have made it
possible to elucidate the tissue-specific roles of HDAC3 in mammalian development,
physiology, and metabolism.

Liver.

The mammalian liver is a central metabolic hub simultaneously coordinating

many branches of intermediary metabolism to achieve physiological and systemic
homeostasis. Pathological states such as obesity and nutrient overload, inflammation,
and environmental influences can disrupt hepatic homeostasis and lead to development
of insulin resistance, type 2 diabetes mellitus, non-alcoholic fatty liver disease (NAFLD),
non-alcoholic steatohepatitis (NASH), and hepatocellular carcinoma (HCC) (Anstee et
al., 2013; Byrne and Targher, 2015; Tilg et al., 2016). Initial indications that Hdac3
played a major role in coordinating hepatic intermediary metabolism came from liverspecific genetic loss of function studies. Loss of hepatic HDAC3 from early in
embryogenesis revealed significant differences in lipid, cholesterol, and carbohydrate
metabolism (Knutson et al., 2008). Deletion of HDAC3 in adult liver leads to an even
more steatotic liver, due to both increased lipogenesis and decreased fatty acid
oxidation (Feng et al., 2011; Sun et al., 2012). Mice with a steatotic liver due to loss of
HDAC3 are not insulin resistant, but actually more insulin sensitive as intermediary
metabolites are directed towards de novo lipogenesis and lipid storage pathways and
away from gluconeogenesis (Sun et al., 2012). Chromatin immunoprecipitation (ChIP) of
HDAC3 followed by next generation sequencing (Feng et al., 2011) revealed diurnal
8

recruitment of HDAC3 to sites of binding of the circadian nuclear receptor Rev-erbα,
which binds NCOR1 (Feng et al., 2011). Recruitment of HDAC3 through NCOR1 to Reverbα binding sites imparts an epigenomic rhythm of histone acetylation at genes
regulating hepatic lipogenesis, and genetic ablation of Rev-erbα results in the formation
of fatty liver (Bugge et al., 2012; Feng et al., 2011; Zhang et al., 2015). Nevertheless,
the HDAC3 KO livers are far more steatotis than mice lacking Rev-erbα, suggesting that
HDAC3 is recruited to lipid metabolic genes by other factors. An in vivo proteomics
screen for HDAC3 interaction partners on liver chromatin identified a module consisting
of nuclear receptor HNF4α as well as PROX1, which recruit HDAC3 and contribute to its
control of liver lipid metabolism (Armour, S.M., et al., 2017).

Adipose.

Brown adipose tissue is a specialized mammalian organ with the unique

capacity to oxidize stored energy substrates to generate heat through mitochondria
containing uncoupling protein 1 (Ucp1). Whereas white adipose tissue, functions
predominately to safely store excess energy as lipid. In interscapular brown adipose
tissue, HDAC3 is critical for ensuring expression of the thermogenic gene program to
maintain mammalian body temperature from lethal hypothermia during acute
environmental cold (Emmett et al., 2017). ChIP-seq studies of HDAC3 in brown fat
integrated with enhancer RNA (eRNA) analysis (Fang et al., 2014; Lam et al., 2014) to
investigate functional enhancers revealed HDAC3 serves as a coactiviator at a subset of
genomic sites to facilitate the basal transcription of thermogenic genes. Notably,
coactivator function of HDAC3 occurred through the deacetylation and activation PGC1α to promote estrogen-related receptor α (ERRα) transcription (Emmett et al., 2017).
Interestingly, the coactivator mechanism of HDAC3 on the nuclear receptor
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ERRα in brown adipose, was dominant over Rev-erbα utilization of the NCOR/HDAC3
complex to regulate thermogenesis (Emmett et al., 2017; Gerhart-Hines et al., 2013).
Further insight into HDAC3 and adipocyte enhancer activation was shed by chromatin
looping studies, which demonstrated extensive recruitment of the NCOR/HDAC3
complex to sites of activated enhancer-promoter loops (Siersbæk et al., 2017). Studies
of HDAC3 in the white adipose tissue of aged mice, demonstrated regulation of a futile
cycle of de novo fatty acid synthesis and beta-oxidation promoted the browning of the
inguinal adipose depots (Ferrari et al., 2017).

Heart.

Congential heart defects account for nearly 1% of live births and the unique

functional contributions of Hdac3 among class I histone deacetylases in cardiogenesis
are of much interest (Haberland et al., 2009; Vincent and Buckingham, 2010). Loss of
Hdac3 in cardiac progenitor cells of the first and second heart fields using Nkx2.5-Cre
results in complete lethality as early as E11.5 (Lewandowski et al., 2015). In cardiac
progenitors, Hdac3 physically interacts with the transcription factor Tbx5, implicated in
human Holt-Oram syndrome, where Hdac3 deacetylates Tbx5 to repress transcriptional
activation (Lewandowski et al., 2015). Hdac3 knockout in progenitors leads to the early
differentiation of cardimyocytes and results in ventricular and septal defects. In premigratory neural crest cells, genetic ablation of Hdac3 using Wnt1-Cre or Pax3-Cre also
causes in perinatal lethality due to severe cardiovascular abnormalities, despite intact
neural crest specification and migration to the forming heart (Singh et al., 2011).
Specifically, these cardiac defects were comprised of aortic arch hypoplasia, ventricular
septal defects, double-outlet right ventricles, and interrupted aortic arches. Heart defects
followed from cardiac neural crest cells failing to differentiate into smooth muscle, due to
10

a cell autonomous defect in expression of the Notch signaling ligand, Jagged1. Loss of
Hdac3 in the second heart field progenitor cells using Isl1-Cre and Mef2C-Cre, exhibited
perinatal lethality due to severe abnormalities of second heart field structures, which are
regulated in an Hdac3-dependent catalytic-independent manner through recruitment of
the PRC2 complex to suppress aberrant TGF-β signaling (Lewandowski et al., 2015).
Conditional deletion in cardiac muscle was achieved using the α-MHC-Cre
transgenic line and resulted in lethality by 16-weeks of age (Montgomery et al., 2008).
Mice deficient for Hdac3 demonstrated severe cardiac hypertrophy in the left ventrical
and septum as well as interstitial fibrosis, which collectively impaired cardiac contractility
and ventricular function (Montgomery et al., 2008). Hdac3 depleted hearts demonstrated
gene expression profiles suggesting increased fatty acid oxidation, decreased glucose
utilization, and oxidative phosphorylation. Despite this enhanced bioenergetic profile,
knockout hearts exhibited mitochondrial dysfunction perhaps due to mitotoxicity from
fatty acid oxidation byproducts (Montgomery et al., 2008). Whereas, ablation of Hdac3
with the muscle creatine kinase promoter (MCK-Cre) in both skeletal and cardiac
muscle, resulted in mild increases of heart weight and thickening of ventricular walls,
interventricular septae, with enlarged atria, but demonstrated preserved contractility and
no impact on survival (Sun et al., 2011). Surprisingly, the Hdac3 knockout mice
displayed downregulation of mitochondrial bioenergetics processes such as oxidative
phosphorylation and ATP synthesis, TCA cycle, and fatty acid metabolism genes.
Challenge of mice on high-fat diet resulted in severe hypertrophic cardiomyopathy and
cardiac contractile dysfunction, ultimately leading to a lethal heart failure in all mice due
to myocardial energy starvation and failure to oxidize fatty acids (Sun et al., 2011). In
this model, cardiomyopathy in Hdac3 knockouts is reminiscent of phenotypes and gene
11

regulation changes found in mice deficient for PPAR-β/δ, PGC-1α/β, ERRα or
ERRγ, suggesting HDAC3 might modulate these pathways (Emmett et al., 2017; Sun et
al., 2011).

Skeletal Muscle.

Metabolically, skeletal muscle consumes a vast amount of the

body’s glucose supply, through both insulin-dependent and insulin-independent
exercise-induced glucose utilization pathways. Moreover, muscle glucose-utilization or
lack thereof is thought to be a major contributor to the pathological insulin resistance of
type 2 diabetes. Conditional deletion of Hdac3 in skeletal muscle by MLC-Cre leads to
pronounced physiological changes: systemic insulin resistance, impaired insulin and
glucose tolerance, diminished skeletal muscle glucose uptake, with no effect on insulin
signaling all while improving exercise endurance (Hong et al., 2016). In vivo
metabolomics and tracing studies, coupled to ChIP-seq and RNA-seq datasets,
demonstrated Hdac3 controls a fuel switch from glucose to amino acid catabolism,
where it partners with the circadian nuclear receptor Rev-erbα to anticipate and control
the circadian rhythm of skeletal glucose versus amino acid fuel consumption(Hong et al.,
2016).

Macrophages.

In macrophages, Hdac3 binds to the genome together with the

macrophage lineage-determining transcription factor PU.1 (Mullican et al., 2011). In the
absence of HDAC3, macrophage gene expression is reminiscent of the antiinflammatory program of alternative activation, and the response to alternative activators
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such as IL4 is amplified (Mullican et al., 2011). Reciprically, the M1 classical
inflammatory activation pathway requires Hdac3 for gene expression (Chen et al., 2012).
Highlighting the potential importance of HDAC3 for the normal balance of macrophage
polarization, transplant of LysM-Cre, Hdac3 bone marrow into atherosclerosis prone
LDLR-/- mice induced stable atherosclerotic plaques due to collagen deposition and
decreased lipid accumulation and foam cells, due to the alternative activation and antiinflammatory nature of HDAC3 deficient macrophages (Hoeksema et al., 2014).

Pancreas.

Inducible ablation of Hdac3 in insulin-produced pancreatic β-cells using

the MIP-CreERT transgenic mouse line revealed markedly improved glucose clearance
following glucose challenge on both regular chow and high fat diet (Oropeza et al., 2015;
Remsberg et al., 2017). Despite improved glucose tolerance, loss of Hdac3 did not
increase insulin transcription or total insulin content, but rather enhanced insulin
secretion from β- cells both in vivo and ex vivo in isolated pancreatic islets, perhaps in
part through a higher sensitivity to glucose (Remsberg et al., 2017). Global cistromic and
transcriptomic studies suggest that Hdac3 controls multiple genes which influence
glucose-stimulated insulin secretion (Remsberg et al., 2017). The findings from MIPCreERT Hdac3 β- cell knockout mice are consistent with Hdac3-specific inhibition
promoting glucose metabolism in diabetic rats (Lundh et al., 2015), however, mice
lacking β-cell Hdac3 in Rip-Cre mice (under control of the rat insulin 2 gene promoter)
were reported to have decreased pancreatic insulin content and impaired glucosestimulated insulin secretion (Chen et al., 2016). However, conclusions drawn from the
Rip-Cre conditional model may be confounded by aberrant Cre excision in the brain and
central nervous system. Thus, future studies will need to address Hdac3 function in the
endocrine pancreas.
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Brain.

Unlike other Hdacs, Hdac3 plays a significant and non-redundant role in

neurodevelopment, as conditional loss of Hdac3 displays major brain abnormalities
(Morris and Monteggia, 2013). Ablation of Hdac3 in neural progenitor cells using NesCre, which deletes throughout the developing central nervous system, results in
perinatal lethality by 16 hours of birth, due to organizational, structural, and cellular
abnormalities in the cortex, cerebellar cortex, and neocortex (Norwood et al., 2014).
Thy1-Cre mediated deletion in the forebrain and cerebellum permits life for upwards of 6
weeks, but major locomotor deficits exist from progressive paralysis and ataxia,
consistent with Purkinje neuron abnormalities. SImilar phenotypes were observed using
a CaMKII-Cre (T50 line) model deleting in forebrain and cerebellum (Norwood et al.,
2014).
Oligodendrocyte

progenitor

cells

(OPCs)

are

precursor

cells

to

both

oligodendrocytes and astrocytes, which assure axonal myelination and neural repair.
Deletion of Hdac3, by Olig1-Cre or Olig2-Cre in the OPCs, leads to the pathological
development of tremors and optic nerve impairment due to reduced oligodendrocytes
and severe myelination defects (Zhang et al., 2016). Following loss of function and
lineage tracing experiments, Hdac3 mechanistically emerged as a molecular brake to
guide OPCs towards an oligodendrocyte cell fate over undertaking astrogliogenesis
(Zhang et al., 2016). OPC Hdac3 ChIP-seq and RNA-seq, revealed a mechanism
whereby Hdac3 antagonizes STAT3 acetylation and pro-astrogliogenic genes, while
cooperating with the p300 coactivator to activate gene expression and promote
oligodendrocyte formation (Zhang et al., 2016).
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Bilateral injection of AAV-Cre recombinase into the CA1 hippocampal region to
ablate Hdac3, supported a major role of Hdac3 repressing long-term memory formation
and memory duration through repression of Nr4a2 expression in a NCoR-dependent
manner (McQuown et al., 2011). In a process thought similar to long-term memory
formation, Hdac3 in the nucleus accumbens negatively regulates cocaine-contextassociated memory formation, again through regulation of Nr4a2 and Fos expression.
Cocaine was found to decrease Hdac3 occupancy at Nr4a2 and Fos genes, and in a
similar fashion to Hdac3 knockout mice, cocaine may increase the negative reinforcing
properties of drug abuse (Rogge et al., 2013).
Brain Hdac3 associates with MeCP2, which is mutated in the human
neurodevelopmental disorder Rett syndrome. MeCP2 binds to methylated DNA and
recruits

the

Sin3a/Hdac1/Hdac2

and

NCoR/Hdac3

complex

to

repress

gene

transcription. Missense mutations in MeCP2 cause Rett syndrome impair recruitment
with the NCoR/Hdac3 complex at brain enhancers (Ebert et al., 2013; Lyst et al., 2013).
Upon deletion of Hdac3 with the αCaMKII-Cre (CW2 transgenic line) in forebrain
excitatory neurons of the hippocampus, a phenotype similar to MeCP2 KO models of
Rett syndrome occurs featuring impaired sociability, cognitive deficits, and irregular
locomotor coordination (Nott et al., 2016). Detailed Hdac3 ChIP-seq studies in the brain
coupled to RNA-seq, suggest Hdac3 may act to positively regulate a subset of brain
genes via recruitment to MeCP2 binding sites where HDAC3 deacetylates FOXO3, to
activate gene expression (Nott et al., 2016).
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Lung.

Conditional deletion of Hdac3 under control of Shh-Cre, which drives

recombination in the lung endodermal epithelium at E8.75, demonstrated a requirement
for Hdac3 in lung sacculation and early alveologenesis, as newborn knockout mice died
between P2 to P10 (Wang et al., 2016b). This was mediated in part by derepression of
miR-17-92 and Dlk-Dio3 miRNA clusters and subsequent cell-autonomous repression of
TGF-β signaling required to achieve cell flattening of lung alveolar type I (AT1) cells for
efficient gas exchange (Wang et al., 2016b). Genetic depletion of Hdac3 in developing
lung mesenchyme with Dermo1-Cre resulted in complete lethality at birth due to
respiratory failure (Wang et al., 2016a). Unlike deletion in lung endoderm, depletion of
Hdac3 in the underlying mesoderm results in lung hypoplasia and loss of AT1 cell
differentiation in the lung epithelium due to decreased Wnt/β-catenin signaling cues from
the mesenchyme to epithelium (Wang et al., 2016a).
Hematoepoetic Cells. Deletion of Hdac3 in the hematopoietic compartment using Vav-Cre
produces anemia, an afunctional thymus, and mice devoid of lymphoid progenitor cells
leading to a subsequent block in T- and B- cell development, due to defects in DNA
replication and genomic instability (Bhaskara et al., 2010; Summers et al., 2013). Hdac3
is also required for the proliferation and renewal of hematopoietic stem cells, as mice
receiving Hdac3-depeleted bone marrow transplant failed to repopulate the HSC cells
and perished (Summers et al., 2013).

Lymphocytes.

Conditional loss of Hdac3 using Mb1-Cre to ablate Hdac3

expression in early B-cell progenitors impedes mature B-cell development due to failure
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to induce efficient VHDJH recombination. Hdac3 deacetylase activity is required for B-cell
development and VHDJH rearrangements, as catalytic-dead Hdac3 cannot rescue the
loss-of-function phenotype (Stengel et al., 2017). HDAC3 deletion reduced nucleosome
compaction, suggesting that altered chromatin structure could impair long-distance
looping and recombination events needed for VHDJH recombination. Moreover, early loss
of Hdac3 aberrantly promoted Th17 cells triggering inflammatory bowel disease (Philips
et al., 2016). Ablation of Hdac3 using Lck-Cre, which deletes during double-negative
stages of T-cell development, led to sparse abundance of double or singly CD4+ or
CD8+ T-cells (Stengel KR, et al., 2015). Intriguingly, during these developmental steps
knockout of Hdac3 downregulated 2-3-fold more genes than were induced (Stengel KR,
et al., 2015), which is counterintuitive for a transcriptional repressor. Deletion of Hdac3
at the double positive CD4+/CD8+ T-cell stage, by CD4-Cre mediated recombination,
results in a peripheral T-cell maturation defect (Hsu et al., 2015). Moreover, the lineage
determination factor for T reg cells, FOXP3, is regulated post-transcriptionally by histone
deacetylases and can interact with Hdac3 (Wang et al., 2015b). Loss of Hdac3 in mature
Tregs by Foxp3-Cre disrupts Hdac3-dependent immunosuppressive functions and
activates NF-kB signaling, triggering lethal autoimmunity in animals by 6 weeks of age
(Chen Lf et al., 2001; Wang et al., 2015b). Deletion of Hdac3 in the thymic epithelium by
Foxn1-Cre

recombination

resulted

in

thymic

hypoplasia

and

fails

to

induce

immunological tolerance (Goldfarb et al., 2016).

Skeletal system.

Hdac3 has become one of the most well studied and

characterized epigenetic regulators in bone development and growth (Bradley et al.,
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2015). Deletion of HDAC3 using Wnt-Cre and Pax3-Cre to target pre-migratory neural
crest cells that provide the main source of craniofacial mesenchyme causes severe
defects in the bones of the viscerocranium and calvaria resulting in microcephaly,
micrognathia, and cleft palate, and increased perinatal lethality (Singh et al., 2013).
Depletion of Hdac3 later in development using Osx1-Cre, which is expressed in
osteochondral progenitor cells after osteoblast specification, resulted in a less severe
intramembraneous bone phenotype although these mice exhibited delayed parietal bone
formation and impaired calvarial bone development, with a thin and porous bone
structure (Razidlo et al., 2010). Depletion of Hdac3 with Prrx1-Cre in mesenchymal
progenitors of the limb bones led to severely shortened fore and hind limbs, resulting in
perinatal lethality (Feigenson M, et al., 2017). Loss of Hdac3 impairs and delays
chondrocyte and osteoblast differentiation through increased expression of both matrix
metalloproteinases and Fgf21, and the cells exhibit increased apoptosis (Feigenson M,
et al., 2017). HDAC3 deletion later in endochondral bone development with type II
collagen α1-Cre (Col2α1-Cre) demonstrates HDAC3 dependency for growth plate
chondrocyte maturation and long bone development (Carpio et al., 2016a). Genomewide RNA-seq and ChIP-seq studies uncovered an HDAC3-dependent IL-6 autocrine
loop impeding chondrocyte function and bone formation, as well as increased levels
acetylation of NF-κB and increased Erk1/2 signaling (Carpio et al., 2016a, 2016b).
Finally, deletion strategies in mature osteoblasts and osteocytes with OCN-Cre,
demonstrate age-related loss of trabecular and cortical bone mass, as well as decreased
bone mineralization causing regular fractures (McGee-Lawrence et al., 2013).
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Discussion and Perspective

HDAC3 is unique among the HDAC family as it is the sole histone deacetylase in the
nuclear receptor corepressor complex (Bhaskara et al., 2008; Montgomery et al., 2008).
In this complex, it regulates a broad array of developmental, physiological, and
metabolic processes vital to sustaining life. Throughout development, HDAC3 serves an
important role in integrating to complex signals from the environment, to instruct cellular
decisions and events of organogenesis. Whereas in mature animals, HDAC3 regulates
the response to physiological challenges and controls the metabolic pathways and
processes of cells. Further, the unique requirement for HDAC3 is best exemplified by the
lack of functional redundancy amongst the eleven other classic HDACs. This
requirement is evident by the many pleiotropic roles discovered amongst different tissue
types as a result from careful genetic dissection of HDAC3 in mouse loss-of-function
genetic studies.

Technological advances have made it possible to not only explore the tissue-specific
functions of HDAC3, but also to ask new questions regarding its mechanism of action
among different cell types. In liver, brown adipose, skeletal muscle, brain, and bone,
identification of the HDAC3 cistromes have enabled the identification of interacting
transcription factors through analysis of genomic binding sites putatively recruiting
HDAC3. Additionally, these techniques coupled to RNA-seq and differential gene
analyses have allowed HDAC3 target genes to be identified in tissue-specific fashions.
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Furthermore, knowledge of target genes has helped connect phenotype-to-epigenotype,
or more specifically, to discover mechanisms behind loss-of-function HDAC3
phenotypes by knowing the gene regulatory pathways altered in its absence. The
integration of multiple datasets in tissue-specific fashion has proved even more power
into discerning yet unrecognized molecular mechanisms governed by HDAC3 function
but also unappreciated elements of general mammalian physiology. In liver, ChIP-seq
studies first uncovered a powerful role for HDAC3 in regulating circadian hepatic
metabolism (Feng et al., 2011). Later ChIP-mass spectrometry technologies revealed
unrecognized HDAC3 interacting proteins and provided a new wealth of insight into
factors important for modulating hepatic metabolism (Armour, S.M., et al., 2017).
Proteomics and genome-wide ChIP-seq and RNA-seq in skeletal muscle, provided
insights into circadian amino acid catabolism and the existence of transcriptionally
regulated fuel switches which had been previously unappreciated (Hong et al., 2016).
Cistromics and functional enhancer analysis by GRO-seq techniques in brown adipose
tissue facilitated discovery of unrecognized HDAC3 coactivator activity and facilitated the
subsequent identification of an unappreciated HDAC3 non-histone target (Emmett et al.,
2017).
While the numerous and interesting phenotypes of HDAC3 loss-of-function studies
provide insight into our greater understanding of HDAC3 biology, we know relatively little
about HDAC3 catalytic-independent functions (Sun et al., 2013). As discussed
previously, the fatty liver phenotype can be repressed by expression of an HDAC3
catalytic-dead molecule. Therefore, much of the liver HDAC3 knockout gross phenotype
can be dissociated from the actual enzymatic activity. Past studies of HDAC3 provide
the historical insight to understand the necessity for uncovering catalytic-independent
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effects in a tissue-specific fashion. As any approach to pharmacological targeting of
HDAC3 enzymatic activity will retain the HDAC3 catalytic-independent effects, rational
drug design would require an understanding of the two arms of HDAC3 action (catalytic
and catalytic-independent) in a given tissue. Further, catalytic-independent effects may
be potentially targeted through small-molecule based pharmacotherapy approaches
designed

to

disrupt

specific

HDAC3
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protein-protein

interactions.

Chapter 2
Methods
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Statistical methods

Data are presented as mean ± s.e.m. unless otherwise stated. Graphpad Prism software
was used for graphing and statistical analysis. All statistical tests are fully described in
the figure legends and met criteria for normal distribution with similar variance. No
statistical methods were used to pre-determine sample size. For comparison between
two groups, a Student’s t-test was used. For assessment between more than two
groups, one-way ANOVA with multiple comparisons was used, and for assessment
between two independent variables, two-way ANOVA with multiple comparisons was
used, followed by a Tukey or Holm–Šidák post-test. For survival analysis, a log-rank
(Mantel–Cox) test was performed. FDR for RNA-seq analysis was calculated by EdgeR
bioinformatics software.

Animal studies

Animal experiments were performed according to ethical regulations and
protocols approved by the Institutional Animal Care and Use Committee of the Perelman
School of Medicine at the University of Pennsylvania and the Children’s Hospital of
Philadelphia. All experiments used male age-matched littermates group housed at four
or five animals per cage. Mice were group housed with enrichment in a temperature- and
humidity-controlled, specific-pathogen free animal facility at 22 °C under a 12:12-h
light:dark cycle with free access to standard chow (LabDiet, 5010) and water. High-fat
diet studies were conducted by feeding mice a purified-ingredient diet composed of
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60:20:20 kcal percentage of fat:carbohydrate:protein (Research Diets, D12492) at 12
weeks of age.
Gene expression and protein studies were performed on 10- to 12-week-old male
mice at zeitgeber time 10. Thermoneutrality and cold-exposure experiments were
performed in climate-controlled rodent incubators (Powers Scientific) maintained at 29
°C or 4–5 °C, respectively, with interior temperature monitoring by digital thermometers.
For thermoneutrality experiments, mice were allowed to acclimate to 29 °C for 2 weeks.
No animals were excluded from studies and no randomization or blinding was
performed.
Hdac3 loxP/loxP mice maintained on a C57BL/6 background were bred to
Adiponectin-cre mice maintained on a C57BL/6J background (Mullican et al., 2013) (The
Jackson Laboratory, B6;FVB-Tg(Adipoq-Cre)1Evdr/J, Stock 010803), to Ucp1-cre mice
maintained on a C57BL/6J background (The Jackson Laboratory, B6.FVB-Tg(Ucp1Cre)1Evdr/J, Stock 024670)(Kong et al., 2014), and to Rosa26-creERT2 mice
maintained

on

a

C57BL/6J

background

(The

Jackson

Laboratory,

B6.129-

Gt(Rosa)26SorTm1(cre/ERT2)Tyj/J, Stock 008463). Ucp1−/+ mice maintained on a
C57BL/6J background (The Jackson Laboratory, B6.129-Ucp1tm1Kz/J, Stock 003124)
were used to generate Ucp1−/− and Ucp1+/+ mice. ERRα−/+ mice maintained on a
C57BL/6 background were used to generate ERRα−/− and ERRα+/+ mice as previously
described (Luo et al., 2003). Ppargc1α loxp mice maintained on a C57BL/6NJ
background (The Jackson Laboratory, B6N.129(FVB)-Ppargc1atm2.1Brsp/J, Stock
009666) were used to generate Ucp1-cre Ppargc1α and Hdac3/ Ppargc1α double
floxed mice.
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Tissue-specific HDAC3 KO mice were generated by mating males heterozygous
for Adipoq-cre or Ucp1-cre and homozygous for the floxed HDAC3 alelle to females
homozygous for the HDAC3 allele. Male littermate cre-positive (HDAC3 KO) and crenegative (littermate controls) mice were then group housed upon weaning.
Tissue-specific HDAC3/UCP1 DKO and control littermate mice were generated
by mating mice heterozygous for Adipoq-cre and homozygous for the floxed HDAC3,
and heterozygous for Ucp1 −/+ to cre-negative mice homozygous for the floxed HDAC3,
and heterozygous for Ucp1 −/+. Male littermate mice were then group housed upon
weaning at room temperature.
Tissue-specific

Ppargc1α

KO

mice

were

generated

by

mating

males

heterozygous for Ucp1-cre and homozygous for the floxed Ppargc1α alelle to females
homozygous for the Ppargc1α allele. Male littermate cre-positive (Ppargc1α KO) and
cre-negative (littermate controls) mice were then group housed upon weaning at room
temperature.
Tissue-specific HDAC3/Ppargc1α DKO mice were generated by mating males
heterozygous for Ucp1-cre and homozygous for floxed HDAC3 and Ppargc1α alelles to
females homozygous for the HDAC3 and Ppargc1α alleles. Male littermate cre-positive
(HDAC3/Ppargc1α DKO) and cre-negative (littermate controls) mice were then group
housed upon weaning at room temperature.

Core body temperature measurements and cold-tolerance testing

Baseline measurements of internal core-body temperatures were recorded from
10-week-old male mice maintained at 22 °C (starting at zeitgeber time 4) using a digital
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thermometer (Oakton Instruments, Temp 10T Thermocouple) and rectal thermocouple
probe (Physitemp, RET-3 probe). Cold-exposure studies were performed within climatecontrolled rodent incubators. Mice were placed in pre-chilled cages at 4–5 °C with
bedding, a cotton nestlet, free access to standard chow and water, and cage lid partly
open. Rectal temperatures were recorded every 60 min. Individual mice were removed
from the study and euthanized if core body temperature fell ≥10 °C from baseline
measurement. Core temperatures ≥10 °C from baseline measurement were not included
in core temperature analysis and scored as an event for survival analysis.

Moderate cold acclimation and cold recovery

HDAC3 KO and control littermate mice were exposed to 15 °C for 24-hours in
temperature controlled rodent incubators. Mice were singly housed at 15 °C in prechilled cages to uniformly challenge mice with cold and present huddling for warmth.
During the time at 15 °C, cage lids remained cracked open to ensure temperature did
not rise above 15 °C from body heat. Following 24-hours of exposure, mice were placed
back into group housing with the same mice they were previously group housed with.
Mice were monitored for potential fighting incidents once returned to group housing.
Mice were allowed to recover at 22 °C for either 24-hours or 7-days before conducting
cold tolerance physiological testing or gene expression analysis.

Whole-animal oxygen-consumption rate

26

Oxygen-consumption rates of 10-week-old male mice were measured using
Comprehensive Laboratory Animal Monitoring System (CLAMS, Columbus Instruments)
metabolic cages housed within environment-controlled rodent incubators. Following
previously described protocols, mice maintained at 22 °C were anaesthetized with 75 mg
per kg (body weight) pentobarbital (Nembutal) by intraperitoneal injection and placed
into CLAMS cages pre-acclimated to 33 °C to maintain mouse body temperature while
under anaesthesia (Cannon and Nedergaard, 2011). Before noradrenaline-induced
oxygen consumption readings, baseline oxygen consumption measurements were
recorded for several cycles after pentobarbital administration until stable readings were
recorded. A subcutaneous injection of 1 mg per kg (body weight) L-(−)-Norepinephrine
(+)-bitartrate salt monohydrate (Sigma, A9512) dissolved in sterile 0.9% NaCl (Sigma,
S8776) was given into the dorsal nuchal region. After injection, individual mice were
immediately placed into the CLAMS cages and oxygen consumption rates were
recorded until rates began to decline.

In vivo metabolic phenotyping

Whole-body energy metabolism was evaluated using a CLAMS (Columbia
Instruments). Mice were singly housed and acclimated in metabolic chambers for 48 h
before data collection. Each mouse was continuously monitored for physical activity and
food intake. CO2/O2 levels were collected four or five times per hour per mouse over the
duration of the experiment. Analysis of covariance (ANCOVA) of VO2 versus body mass
during light, dark, and 24 h periods was performed through the NIDDK Mouse Metabolic
Phenotyping

Centers

Energy

Expenditure
27

Analysis

website

(http://www.mmpc.org/shared/regression.aspx). Body composition analyses by NMR
were performed using Echo-MRI (Echo Medical Systems) to measure fat and lean mass.

BAT mitochondrial respiration assays

Mitochondrial respiration rates were determined using an O2K high-resolution
respirometer

(Oroboros

Instruments,

Austria).

To

preserve

all

populations

of

mitochondria, whole-tissue homogenates were prepared from BAT minced on ice and
dounced at 4 °C (150 r.p.m. × eight strokes) in 15 ml of ice-cold mitochondrial isolation
buffer (210 mM mannitol, 70 mM sucrose, 10 mM HEPES, 1 mM EGTA, adjusted to pH
7.2 with KOH) (Houstek et al., 1975; Pecinová et al., 2011; Picard et al., 2011).
Homogenates were centrifuged at 8,500g for 10 min at 4 °C. Lipid and supernatant were
discarded. Pellet was re-suspended in 1 ml of ice-cold mitochondrial isolation buffer,
passively filtered (100 µm), and protein concentration determined by BCA assay.
Respirometry measurements were performed using homogenates (0.25 mg) resuspended in respiration buffer and maintained at 37 °C (110 mM mannitol, 0.5 mM,
EGTA, 3 mM MgCl2, 20 mM taurine 10 mM KH2PO4, 60 mM K lactobionate, 0.3 mM
DTT, and 0.1% BSA (fatty acid free), adjusted to pH 7.1). Samples were vigorously
stirred by magnetic stir bar and the O2 concentration maintained between 100 and 200
nmol ml−1. UCP1-dependent respiration and individual complex-dependent respiration
rates were determined by a standard substrate/inhibitor titration protocol. After
stabilization, real-time oxygen concentration and flux data were collected continuously
(DatLab software 4.3, Oroboros Instruments, Austria). Baseline respiration following the
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addition of substrate (palmatoylcarnitine (4 mM), pyruvate (10 mM), and malate (5 mM))
was measured. UCP1-dependent respiration was assessed by addition of 2 mM
guanosine

diphosphate.

Independent

complex-dependent

respiration

was

then

determined in the presence of ADP (1 mM). To assess complex-II-dependent
respiration, rotenone (0.5 µM) was added to selectively inhibit complex I followed by
succinate (10 mM), a complex II substrate. Antimycin A (5 µM) was then added to inhibit
complex III followed by addition of TMPD (0.5 mM) and ascorbate (2 mM) as artificial
electron donors for complex IV. Sodium azide (2.5 mM) was used to assess the
contribution of leak respiration independent of complex IV(Porter et al., 2016; Wang et
al., 2015a).

Histological analysis

Adipose tissues were fixed in 4% paraformaldehyde/1× PBS overnight at 4 °C
and dehydrated through sequential ethanol washes. Tissue was embedded in paraffin
before sectioning and then stained with haematoxylin and eosin. Stained sections were
visualized and photographed under bright-field microscopy.

RNA isolation and gene expression analysis (RT–qPCR)

Total RNA was isolated from snap-frozen adipose tissues, which were
mechanically homogenized in 500 µl TRIzol (Life Technologies) in a TissueLyser
(Qiagen) for 5 min, at a frequency of 20 s−1. After homogenization, samples were
centrifuged at 4 °C and homogenates transferred to a fresh tube for RNA extraction with
chloroform. Aqueous chloroform fractions were mixed with equal volumes of 70%
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ethanol/30% water and RNA further purified with RNeasy Mini spin columns (Qiagen)
and on-column DNase-digestion (Qiagen). TRIzol phases were saved for further
isolation of genomic and mitochondrial DNA.
One and a half micrograms of total RNA was used for complementary DNA
synthesis using a High-Capacity cDNA Reverse Transcription kit (Applied Biosystems).
Complementary DNAs (cDNAs) were analysed by qPCR using a Power SYBR Green
PCR Master mix on a Quant Studio 6 Flex Real-Time PCR system (Applied
Biosystems). All qPCR data were analysed using a standard curve and normalized to
36B4 (Arbp) or 18s expression. Specific primer sequences are listed in primer table.

Quantification of mitochondrial content

Total DNA was precipitated from TRIzol tissue extraction by ethanol precipitation
and centrifugation, followed by sodium citrate/ethanol solution (0.1 M sodium citrate/10%
ethanol, pH 8.5) washes of DNA pellet. DNA pellet was allowed to air dry before resuspension. DNA samples were analysed by qPCR using a standard curve to determine
absolute mitochondrial DNA abundance normalized to nuclear genomic DNA
abundance. Specific primer sequences are listed in a primer table in the Supplementary
Information.

Immunoblotting

Interscapular BAT samples were homogenized in radioimmunoprecipitation
assay buffer (150 mM NaCl, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50
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mM Tris-HCl pH 8.0, 5 mM EDTA, 5 mM NaF, 1 mM Na3VO4) with 1 mM
phenylmethylsulfonylflouride, supplemented with complete protease inhibitor (Roche),
using a TissueLyser (Qiagen) for 3 min at a frequency of 20 s−1 at 4 °C followed by
sonication with a Biorupter (Diagenode) for 30 s. For nuclear extracts, nuclei were
prepared by dounce homogenization of five frozen BAT pads thawed in swelling buffer
plus protease inhibitor (10 mM Tris-HCl, 2 mM MgCl2, 3 mM CaCl2), dounced with
pestle A/B, filtered with 100 µm cell strainer, pelleted at 600g, and re-suspended in
swelling buffer with cells lysed in an equal volume of lysis buffer (swelling buffer + 10%
glycerol + 1% NP-40). Nuclei were isolated by centrifugation at 600g and soluble protein
extracted by re-suspending in 4 pellet volumes of modified nuclear extract buffer (20 mM
HEPES, 0.42 M KCl, 3 mM MgCl2, 10% glycerol, 3 mM 2-mercaptoethanol, 0.5%
Trition-X, 1 mM EDTA, and 1 mM EGTA) plus protease inhibitors and incubated at 4 °C
with rotation for 2 h. Protein concentration was determined using a Direct Detect
Spectrometer (EMD Millipore) and protein loaded onto 10% Criterion TGX gels (BioRad) by SDS–polyacrylamide gel electrophoresis, and transferred to a polyvinylidene
difluoride (PVDF) membrane. After antibody incubation, immunoblots were visualized
using

enhanced

chemiluminescence

substrates

(Western

Lightning

Plus-ECL,

PerkinElmer; or SuperSignal West Dura, Thermo) by autoradiography film or Bio-Rad
ChemiDoc Imaging.
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Antibodies

The following antibodies were used for western blotting: HDAC3 (GeneTex,
GTX113303, Lot 40436), HDAC3 (Abcam, 76295), β-Actin (mAbcam 8226) (ABCAM,
20272), ERRα (ABCAM, 16363), HSP90 (Cell Signaling, 4874), Vinculin (Sigma,
V9264), Acetylated Lysine Rabbit Polyclonal (Cell Signaling, 9441, Lot 12), UCP1 (R&D,
MAB6158), HA Tag (GeneTex, 115044-01), Myc Tag (GeneTex, 21261), V5 Tag
(ThermoFisher, R960-25), Pol II Antibody (N-20, Santa Cruz 899 X, Lot K1215), GCN5
(H-75, Santa Cruz 20698, Lot K0112), PGC-1α Mouse mAb (EMD Millipore, 4C.13,
ST1202, Lot TE0349482), Anti-Rabbit IgG-HRP (Cell Signaling, 7074), Anti-mouse IgGHRP (Cell Signaling, 7076), Mouse monoclonal SB62a Anti-Rabbit IgG light chain (HRP)
(ABCAM, 99697). The following antibodies were used for ChIP: HDAC3 (ABCAM, 7030,
Lot GR121157-6), H3K27ac (ABCAM, 4729, Lot GR251958-1), ERRα (ABCAM, 16363,
Lot GR263385-1), NCoR (previously described, raised in rabbit against amino acids
1944–2453, affinity purified) (Feng et al., 2011), H3K4me1 (ABCAM 8895), and H3
(ABCAM 1791).

Cell culture

NIH/3T3 cells (ATCC, CRL1658) were maintained at 37 °C in 5% CO2 in highglucose Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% Bovine
Calf Serum (Sigma) and 1% penicillin–streptomycin (Gibco); 293FT cells (Thermo,
R700-07) were maintained at 37 °C in 5% CO2 in high-glucose DMEM supplemented
with 10% fetal bovine serum (Tissue Culture Biologicals) and 1% penicillin–streptomycin
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(Gibco). All lines were passaged at approximately 80–85% confluence. Immortalized
brown pre-adipocytes were maintained at 37 °C in 5% CO2 in DMEM/F-12 Glutamax,
10% FBS, 1% penicillin–streptomycin (Gibco) (Harms et al., 2014). NIH/3T3 and 293FT
cell lines were low passage and not tested for mycoplasma. Immortalized brown preadipocytes tested negative for mycoplasma using a MycoAlert Mycoplasma Detection kit
(Lonza).

Primary brown adipocyte isolation and differentiation

Matings of Rosa26-CreER-positive, HDAC3F/F × HDAC3F/F mice were used to
generate Rosa26-CreER-postive, HDAC3F/F, and littermate control HDAC3F/F pups.
Pre-adipocytes were isolated from BAT depots of postnatal day 1–3 mice and tails saved
for genotyping. Individual depots were placed into 200 µl DMEM/F-12 Glutamax
(Invitrogen) and minced finely with spring scissors (Roboz) before digestion in 1 ml 1.5 U
ml−1 collagenase D (Roche) and 2.4 U ml−1 Dispase II (Roche) at 37 °C in a
thermocycler for 40 min at 1,200 r.p.m. Cells were purified through 100 µm filters
(Millipore) into 5 ml of DMEM/F-12 Glutamax with 10% FBS, pelleted at 700g, and resuspended in growth media (DMEM/F-12 Glutamax, 10% FBS, 1% penicillin–
streptomycin (Gibco), and primocin (Invivogen)).
Pre-adipocytes of the same genotype were pooled, re-plated, and, upon
confluence, adipocyte differentiation was initiated with induction media (growth media
supplemented with 500 nM dexamethasone, 125 µM indomethacin, 0.5 mM IBMX, 1 µM
Rosi, 1 nM T3, 20 nM insulin) for 48 h. After induction, cells were cultured in
maintenance media (growth media plus 1 nM T3, 20 nM insulin) and media refreshed
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every 48 h. For inducible HDAC3 deletion experiments, 2 µM 4-hydroxytamoxifen
(Sigma) was added to induction media of both Rosa26-CreER-positive and Rosa26CreER-negative cells from days 0 to 2. All analysis was performed on day 8 cultured
brown adipocytes.

Retrovirus

WT Pgc-1α DNA and a non-acetylatable Pgc-1α mutant (R13) cDNA were cloned
into a murine stem cell virus (MSCV retroviral construct. Retrovirus was produced in
HEK-293FT cells by co-transfection of MSCV and pCL-Eco vectors with FuGENE 6
(Promega), and supernatants were harvested 72 h after transfection. Supernatants were
passed through a 0.20 µm filter (Corning) before viral concentration with PEG-it Virus
Precipitation Solution (System Biosciences) at 4 °C. Twenty-four-well plates were
seeded with 6 × 104 brown pre-adipocytes per well and MSCV retroviruses were added
upon cell adherence in media containing 2 µg ml−1 polybrene and allowed to reach
confluence before adipocyte differentiation.

Dual luciferase assays

The mouse Ucp1 (-6k) enhancer (389 base pairs (bp)) containing ERRα and
HDAC3 binding sites, was PCR-amplified from C57BL/6 genomic DNA using primers
listed in primer table to add XhoI and BglII sites for cloning into the pGL4.24 luciferase
vector (Promega). The mouse Pgc-1α (-38k) enhancer (998 bp) containing identified
binding sites was PCR-amplified from C57BL/6 genomic DNA using the primers listed in
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the table in Supplementary Information and Gibson cloned between the NheI and BglII
sites of the pGL4.24 luciferase vector. Luciferase assays were performed by transient
transfection of NIH/3T3 cells seeded at a density of 1.25 × 105 cells per well (24-well
plate) using Lipofectamine 2000 (3:1 ratio, Lipofectamine:DNA). Optimized transfections
were performed using 1,200 ng DNA to 500 ng pGL4.24 luciferase vector and 2.0 ng
Renilla luciferase (for normalization) plus factor expression vectors and/or empty
pcDNA3.1. Twenty-four hours after transfection, cell lysates were harvested using a
Dual Luciferase kit (Promega) to measure luciferase activities on a Synergy HT plate
reader (Biotek).

Immunoprecipitation assays

For cellular acetylation experiments, 293FT cells were co-transfected with
combinations

of

pcDNA3.1-GFP,

pcDNA3.1-HA-PGC-1α,

pcDNA3.1-HDAC3-myc,

pcDNA3.1-Flag-GCN5, and/or empty pcDNA3.1. Forty-eight hours after transfection,
cells were harvested in ice-cold NP40 IP lysis buffer (20 mM Tris-HCl, 150 mM NaCl,
10% glycerol, 2 mM EDTA, 0.1% NP40, 10 mM NaF, with 1 mM DTT, 1 mM
phenylmethylsulfonylflouride), and supplemented with complete protease inhibitor
cocktail (Roche), 4 µM trichostatin A (Cell Signaling), 5 mM nicotinamide (Sigma), and 1
µM Bortezomib (Cell Signaling) on ice. Cell lysates were freeze/thawed in liquid nitrogen
twice, and lysates cleared by centrifugation at 4 °C for 10 min. Two hundred and fifty
milligrams of protein was used for each immunoprecipitation and the volume adjusted to
1 ml with lysis buffer. Washed anti-haemagglutinin (HA) Agarose beads (Pierce) were
incubated with samples and rotation at 4 °C for 4 h, followed by three brief washes with
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lysis buffer. Immunoprecipitated proteins were eluted in 2× loading buffer with boiling at
95 °C for 5 min.

Co-immunoprecipitation

For endogenous co-immunoprecipitations, protein lysates were made from day 8
differentiated brown adipocytes in IPLS buffer (50 mM Tris-HCl pH7.4, 150 mM NaCl,
0.5% NP-40) with protease and phosphatase inhibitor (Roche). Lysates were sonicated,
lipid removed by centrifugation at 4 °C, and 0.5 mg protein lysate was pre-cleared with
anti-rabbit Trueblot beads (Rockland) for 3 h at 4 °C with rotation. One per cent of total
pre-cleared lysate was saved for input. Pre-cleared lysate was then incubated with antiHDAC3 (Abcam, 7030) at 4 °C for 2 h with rotation, followed by immunoprecipitation with
conjugated anti-rabbit goat IgG Trueblot beads for 1 h at 4 °C. Beads were washed four
times with IPLS buffer plus inhibitors and samples eluted in 2× loading buffer at 55 °C for
20 min with agitation, supernatant isolated from beads, 2-mercaptoethanol (BME) and
1,3-dithiothreitol (DTT) added, and boiled at 95 °C for 5 min. Eluted proteins were
resolved by immunoblotting and PVDF membrane incubated with anti-ERRα (Abcam,
16363) overnight at 4 °C, a conformation-specific secondary mouse anti-rabbit IgG–
HRP, and then developed. The blot was stripped (Restore Plus, Thermo), blocked, and
incubated overnight at 4 °C with HDAC3 (Abcam, 76295) followed by incubation with
conformation-specific secondary mouse anti-rabbit-HRP.
For overexpression co-immunoprecipitation experiments, V5-tagged ERRα
and/or HA-tagged PGC-1α and myc-tagged HDAC3 were co-transfected into HEK293FT cells for 48 h. Forty-eight hours after transfection, cells were harvested in ice-cold
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IPLS

buffer

supplemented

with

complete

protease

inhibitor

cocktail,

1

mM

phenylmethylsulfonylflouride, and 1 µM bortezomib on ice. Cell lysates were
freeze/thawed in liquid nitrogen twice, sonicated, and lysates cleared by centrifugation at
4 °C for 10 min. One hundred milligrams of lysate was pre-cleared with Mouse IgG
Sepharose Bead Conjugate (Cell Signaling, 3420) before immunoprecipitation with V5agarose beads (Sigma, A7345) at 4 °C for 2 h. Beads were washed four times in IPLS
buffer and eluted in 2× loading buffer at 95 °C for 5 min, the supernatant isolated from
the beads, and BME added and boiled at 95 °C for 5 min. Immunoblot for myc-HDAC3
was performed using goat anti-myc HRP (GeneTex), stripped, re-developed, and then
immunoblotted for V5-ERRα with mouse monoclonal anti-V5 (ThermoFisher).

Protein purification

HA-tagged PGC-1α was co-transfected into HEK-293FT cells with GCN5 for 48 h
and the cells were lysed in radioimmunoprecipitation assay lysis buffer supplemented
with complete protease inhibitor cocktail (Roche), 1 mM phenylmethylsulfonylflouride, 4
µM trichostatin A (Cell Signaling), 5 mM nicotinamide, and 1 µM Bortezomib (Cell
Signaling)

on

ice.

Lysate

was

sonicated,

cleared

by

centrifugation,

and

immunoprecipitation of acetylated PGC-1α performed with anti-HA agarose beads
(Pierce) at 4 °C with rotation in the presence of inhibitors. Sequential washes (with
inhibitors) were performed: six washes with radioimmunoprecipitation assay buffer, two
washes with high salt wash buffer (10 mM Tris-HCl pH 8.0, 250 mM LiCl, 0.5% NP-40,
0.5% sodium-deoxycholate, 1 mM EDTA), followed by two washes in 1× PBS. The

37

purified protein remained immobilized on HA-beads in the presence of inhibitors before
de-acetylation assay.

In vitro de-acetylation assay

Immobilized pre-acetylated PGC-1α was washed three times with HDAC assay
buffer (Enzo). Thirty microlitres of the bead slurry was added to 100 µl HDAC assay
buffer containing buffer alone, 100 ng recombinant human HDAC3/NCoR-DAD (Enzo),
or 100 ng recombinant human HDAC3/NCoR-DAD plus 4 µM trichostatin A, and
incubated at 37 °C with agitation for 1 h. After the reaction, the beads were boiled in 2×
loading buffer with BME at 95 °C and acetylation of PGC-1α was assessed by western
blot.

Acute siRNA knockdown in immortalized brown adipocytes

Acute siRNA knockdown was performed via reverse-transfection. Sixty thousand
differentiated brown adipocytes (day 5) were seeded into 96-well plates containing
Lipofectamine RNAiMax and siRNAs (pre-incubated for 25 min in wells) or into no
transfection control. Total RNAi concentration was held constant at 50 nM. Seventy-two
hours after transfection, day 8 brown adipocytes were harvested in Trizol for analysis by
RT–qPCR.
ON-Target Plus SMARTpool siRNAs targeting mouse ERRα (Dharmacon, L040772-00,

target

sequence

GCGGAGGACGGCAGAAGUA-3′,
GCAUCGAGCCUCUCUACAU-3′),

5′-GCUGAAAGCUCUGGCCCUU-3′,
5′-CUGAGAAGCUGUACGCCAU-3′,
Ppargc1α
38

(Dharmacon,

L-040773-01,

5′5′5′-

GAACAAGACUAUUGAGCGA,
ACAAUGAGCCUGCGAACAU-3′,
(Dharmacon,

5′-UUACGCAGGUCGAACGAAA-3′,
5′-CAGCCGAGGACACGAGGAA-3′),

5′Ppargc1β

L-040905-01,

5′-UGGUACAGCUCAUUCGCUA-3′,

5′-

GGGAAAAGCAAGUACGAAG-3′,

5′-GCUUUGAGGUGUUCGGUGA-3′,

5′-

GGAAAAGGCCAUCGGUGAA-3′) or non-targeting control (Dharmacon, D-001810-10,
5′-UGGUUUACAUGUCGACUAA-3′,

5′-UGGUUUACAUGUUGUGUGA-3′,

5′-

UGGUUUACAUGUUUUCUGA-3′, 5′-UGGUUUACAUGUUUUCCUA-3′) were used.

RNA-seq library preparation

Total RNA was extracted from interscapular BAT pads of 12-week-old male mice
adapted to thermoneutrality for 2 weeks. One microgram of purified DNase-treated total
RNA from biological replicates (four WT control HDAC3F/F, four KO Adipoq-Cre;
HDAC3F/F) was processed with a Ribo-Zero Magnetic rRNA removal kit (Epicentre,
MRZH11124). The RNA libraries were prepared using a TruSeq RNA Sample Prep kit
v2 (Illumina, RS-122-2001) and standard Illumina protocol. RNA-seq libraries were
sequenced at single-end 100 bp read length on an Illumina HiSeq 2000.

RNA-seq data analysis

RNA-seq reads were aligned to the University of California, Santa Cruz (UCSC)
mm9 genome browser using Tophat2(Kim et al., 2013). For differential gene expression
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analysis,

raw

read

counts

were

measured

within

RefSeq

genes

using

featureCounts(Liao et al., 2014), and an exact test was performed using the edgeR
pipeline(Robinson et al., 2010). Genes were included in differential expression analysis if
their expression levels were >0.5 RPKM in at least three samples. Genes having a fold
change of >1.5 (either up or down) and FDR of <0.01 were selected as HDAC3-KOregulated genes.
Gene Ontology analysis was performed used Enrichr, where the top-ranked
KEGG pathway, Biological Process, and Cell Component terms were selected by
Enrichr combined score(Chen et al., 2013; Kuleshov et al., 2016). Representative
downregulated genes identified by Gene Ontology were presented with their log2(fold
change) as a heatmap. As an extended figure, all TCA cycle and mitochondrial
respiratory chain complex genes retrieved from the HUGO gene nomenclature database
were presented by heatmap to show quantitative trends identified in Gene
Ontology(Eyre et al., 2006).
For genome browser visualization, bigwig files were generated for individual
replicates in a 1-bp-resolution RPM scale using genomeCoverageBed with ‘-split’ option
in bedtools48 and bedGraphToBigWig in the SRA toolkit49 (Kent et al., 2010; Quinlan
and Hall, 2010; 2011). A representative track was generated for each condition from the
replicate bigwig files. All the genome browser snapshots were taken via IGV (Robinson
et al., 2011; Thorvaldsdóttir et al., 2013).

ChIP
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HDAC3 ChIP was performed as previously described with modification(Feng et
al., 2011; Mullican et al., 2011). Immediately after euthanasia, the entire interscapular
BAT pad (two lobes) was snap-frozen. Tissue was later thawed and minced directly in
cross-linking solution (10 ml, 1× PBS/1% formaldehyde) and allowed to rock for 20 min
at room temperature. For epididymal white adipose tissue (eWAT) ChIP, two fat pads
per were processed in an identical fashion to BAT.
Cross-linking was quenched by addition of 0.5 ml of 2.5 M glycine and allowed to
mix for 5 min, followed by three ice-cold 1× PBS washes. Cross-linked tissue pieces
were re-suspended in ice-cold ChIP dilution buffer (50 mM HEPES pH7.5, 155 mM
NaCl, 1 mM EDTA, 1.1% Triton X-100, 0.11% sodium deoxycholate, 0.1% SDS) with
protease inhibitors (Complete Protease Inhibitor, Roche) and placed on ice. Chromatin
fragmentation was performed using probe sonication at 4 °C (Fischer Scientific, FB705
Sonic Dismembrator) for three cycles of 10 s at 10% amplitude, followed by three cycles
of 10 s at 15% amplitude, with a 30 s pause on ice between cycles. Chromatin lysates
were cleared of lipid by centrifugation at 4 °C.
Chromatin lysates were brought to 1 ml with ChIP dilution buffer, input saved,
and incubated with antibodies overnight at 4 °C, then immunoprecipitated with BSA
blocked Protein A Sepharose CL-4B Beads (GE Healthcare) with rotation for 2 h at 4 °C.
Immunoprecipitations were washed: one quick wash 1 ml ChIP dilution buffer, one 5 min
wash ChIP dilution buffer, one 5 min wash in 1 ml ChIP dilution buffer with 500 mM
NaCl, one 5 min wash in ChIP wash buffer (10 mM Tris-HCl pH 8.0, 250 mM LiCl, 0.5%
NP-40, 0.5% sodium deoxycholate, 1 mM EDTA), followed by one 5 min wash in TrisEDTA (10 mM Tris-HCl pH 8.0, 1 mM EDTA). Cross-linking was reversed overnight at
65 °C in elution buffer (50 mM Tris-HCl pH 8.0, 10 mM EDTA, 1% SDS), removed from
beads, incubated with proteinase K, and DNA was isolated using phenol/chloroform
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extraction in 2 ml Phase Lock Gel tubes (5 Prime) followed by NaCl/EtOH-mediated
DNA precipitation overnight at −20 °C with 20 µg glycogen carrier (Roche).

ChIP-seq library preparation

For BAT ChIP-seq of HDAC3, ERRα, and NCoR, five biological replicate ChIPs
were pooled for sequencing. For BAT ChIP-seq of H3K27ac, replicate ChIPs were
pooled into two libraries (three samples per library) for sequencing and library reads
pooled into one data set. Enzymes from New England Biolabs were used to generate
libraries according to the ChIP Sequencing Sample Preparation Guide provided by
Illumina. Adaptor oligonucleotides and primer sequences from Illumina were used for
library construction and amplification. Before PCR library amplification, size selection of
adaptor-ligated DNA was performed using Agencourt AMPure XP Beads (Beckman
Coulter). PCR Purification and MinElute (Qiagen) kits were used for library purification
steps.

ChIP-seq data analysis

All ChIP-seq libraries were sequenced on HiSeq 2500 (single-end 50 bp or 100
bp) or NextSeq 500 (single-end 75 bp or 76 bp) systems. Before alignment, all reads
were adjusted to 50 bp by trimming the 3′ end to avoid any bias due to different read
lengths. Sequencing reads were aligned to the UCSC mm9 using Bowtie (Langmead et
al., 2009). All peak calling was performed with the findPeaks command in the Homer
package(Heinz et al., 2010). For HDAC3 peak calling, WT and HDAC3-KO aligned
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reads were down-sampled to 20 million reads to adjust read-depth bias and avoid peak
saturation, and duplicate reads were removed except for one. Stringent HDAC3 peaks
were called in the WT sample against the KO sample using option ‘-F 3’ (FDR < 0.001).
ERRα peaks in WT and HDAC3-KO mice and NCoR peaks in WT mice were called
against an input using default options (FDR < 0.001).
After initial peak calling, all peaks were resized into 200 bp followed by 1 RPM
cutoff, and peaks within the ENCODE blacklist regions were discarded(Dunham et al.,
2012). When visualizing HDAC3, ERRα, and NCoR ChIP-seq profiles (line plots and
heat maps), we used control-subtracted signal: KO sample for HDAC3, input sample for
ERRα

and

NCoR.

All

bigwig

files

were

generated

using

Homer

and

the

bedGraphToBigWig command. HDAC3 and ERRa ChIP-seq signals were compared by
RPM-normalized tag counts between KO-repressed and unchanged eRNAs within a 400
bp window, where the P value was calculated by a Wilcoxon test.
Two biological replicates of H3K27ac ChIP-seq were prepared from both WT and
HDAC3-KO BAT. Duplicate reads were condensed and replicates were pooled for
visualization in a genome browser. H3K27ac levels at HDAC3-bound enhancer nearby
KO-regulated genes were compared between WT and KO mice by RPM-normalized tag
counts within a 2 kb window around HDAC3 peaks, and P values were calculated by a
Wilcoxon test.
Super-enhancers were called on the basis of the H3K27ac data using a ROSE
pipeline with default options. H3K4me1 and H3 ChIP-seq data in WT BAT and WT
eWAT were generated to prepare an eRNA filter for GRO-seq analysis. Together with
previously published adipose H3K27ac data (GSE63964) (Harms et al., 2015), histone
modification peaks were called against corresponding H3 ChIP-seq samples in each
depot by Homer with an option ‘-style histone -F 3’ (FDR <0.001).
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De novo motif searches of ChIP-seq peaks were performed using the
findMotifsGenome command in Homer within a 200 bp window with default options.
Discovered motifs were ranked by P values calculated on the basis of a binomial test
against GC%-matched background, and the top four motifs presented.

GRO-seq library preparation

GRO-seq was performed and analysed as previously described, with minor
modifications for mouse interscapular BAT samples (Fang et al., 2014). Ten
interscapular BAT pads from genotype-confirmed Adipoq-Cre, HDAC3 KO, and control
littermates were quickly dissected, immediately pooled and minced in ice-cold nuclei
isolation buffer A, and dounce homogenized on ice to isolate ~40 million nuclei. Aliquots
of nuclei preparations were inspected visually for quality under a microscope with DAPI
(4′,6-diamidino-2-phenylindole)

staining,

and

nuclei

counted

using

a

Countess

Automated Cell Counter (Invitrogen). The nuclear run-on reaction was performed for 7
min and RNA hydrolysis was allowed to proceed for 10 min. All GRO-seq library
preparations were performed in parallel to avoid batch effects.

GRO-seq data analysis

Before alignment, sequencing reads were cleaned by trimming off low-quality
base, adaptor, and poly-A tailing sequences using cutadapt (Martin, 2011). Trimmed
reads of at least 25 bp were selected and aligned to UCSC mm9 using Bowtie with an
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option ‘–best–strata -m 1 -v 3’ (Langmead et al., 2009). Aligned reads within extremely
high signal regions (such as ribosomal RNA, small nucleolar RNA, small nuclear RNA,
and transfer RNA) were removed before downstream analysis to minimize read-depth
bias. For genome browser visualization, bigwig files were generated separately for (+)
and (−) strands, and all reads were extended to 150 bp for smooth profile. All (−) strand
signals were presented as negative values.
Gene body transcription levels were quantitated in all conditions for comparative
analysis. First, all reads were extended to 50 bp towards the 3′ end, then RPKMnormalized read counts were measured within RefSeq gene bodies excluding the 500 bp
region at the 5′ end. However, for genes with total gene length <1 kb, the entire gene
body was used. Gene transcription levels were further normalized among conditions for
global bias correction using loess normalization in the limma package(Ritchie et al.,
2015). A gene was classified as ‘transcribed’ in a given condition if the transcription level
was >0.3 RPKM. Genes that were not transcribed throughout all conditions were
eliminated before downstream analysis. A gene was defined as ‘differential’ between a
given pair of conditions if it was transcribed in either condition and the fold change was
greater than 1.5 (either up or down).
Ucp1 and Ppargc1α nascent transcription levels were compared between
genotypes and between temperatures via an exact test in EdgeR using a common
dispersion estimated from housekeeping genes(Robinson and Smyth, 2008; Robinson et
al., 2010).
Hierarchical clustering was performed for nascent gene transcription level at 22
°C and 29 °C in WT and HDAC3 KO mice to identify an HDAC3-dependent functional
module. First, putatively highly variable genes were selected by fold change >1.5
between maximum and minimum transcription levels. Next, clustering was done for log245

transformed gene transcription level by Ward’s criterion using a Pearson correlation
coefficient as a similarity measure.
One cluster of genes was identified that displayed similar transcriptional changes
to Ucp1 or Ppargc1α genes. Overall gene transcription trend was visualized as a boxplot
in z-score scale. Next, Gene Ontology analysis was performed for this cluster using
Enrichr; top-ranked Biological Process terms and KEGG pathways were selected and
their relative gene transcription levels were visualized by a heatmap in z-score scale.
eRNA calling was performed as previously described with minor optimization
(Fang et al., 2014; Step et al., 2014). First, eRNA peaks were called separately on each
strand for all samples via Homer peak calling using the option ‘-style factor -separate centre -fragLength 150 -size 200 -minDist 400 -tbp 0 -L 3 -localSize 10000 -fdr 0.001’.
Next, another round of peak calling was performed using the same option for intergenic
reads only to rescue promoter-proximal eRNA peaks skipped by local background effect
of highly transcribed genes. All eRNA peaks, excluding those falling into TSS 2kb and
TTS 2kb windows, were then pooled and merged among biological conditions to prepare
a master eRNA peak set. Next, a series of filters was applied: (1) peaks within ENCODE
blacklist regions were discarded; (2) small peaks (<0.2 RPM) or any peaks embedded
within same-stranded gene transcription were discarded; (3) an epigenomic filter was
applied using active enhancer marks, H3K27ac and H3K4me1 from BAT and eWAT, to
broadly define and capture adipose eRNAs. Remaining peaks were then paired between
opposite strands if their distance was <1kb. For paired eRNA peaks, their centre was
defined as an enhancer; for unpaired eRNA peaks, their 5′ upstream 180 bp positions
were defined as enhancers.
eRNA transcription levels were measured in RPKM within a 1 kb window around
enhancers. If an enhancer was intergenic, both strands were measured; if it was within a
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transcribed gene body, only the anti-sense signal was measured. After measuring eRNA
levels in all conditions, loess normalization was applied for global bias correction as
previously performed in the gene transcription analysis. For differential analysis
comparing two different conditions, eRNAs with >0.5 RPKM in at least one condition
were selected, then eRNAs with a fold change >2 (either up or down) were defined as
differential eRNAs. De novo motif search for eRNAs was performed within a 400 bp
window using Homer, and the top four motifs selected by P value were presented.
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Table 1: Primers.
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Chapter 3
Histone deacetylase 3 prepares brown adipose tissue
for acute thermogenic challenge

Published in part in Nature, 2017, 546(7659):544-548.
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Abstract

Brown adipose tissue is a thermogenic organ that dissipates chemical energy as
heat to protect animals against hypothermia and to counteract metabolic disease
(Cannon and Nedergaard, 2004). However, the transcriptional mechanisms that
determine the thermogenic capacity of brown adipose tissue before environmental cold
are unknown. Here we show that histone deacetylase 3 (HDAC3) is required to activate
brown adipose tissue enhancers to ensure thermogenic aptitude. Mice with brown
adipose tissue-specific genetic ablation of HDAC3 become severely hypothermic and
succumb to acute cold exposure. Uncoupling protein 1 (UCP1) is nearly absent in brown
adipose tissue lacking HDAC3, and there is also marked downregulation of
mitochondrial oxidative phosphorylation genes resulting in diminished mitochondrial
respiration. Remarkably, although HDAC3 acts canonically as a transcriptional
corepressor, it functions as a coactivator of estrogen-related receptor α (ERRα) in brown
adipose tissue (Guenther et al., 2001). HDAC3 coactivation of ERRα is mediated by
deacetylation of PGC-1α and is required for the transcription of Ucp1, Ppargc1α
(encoding PGC-1α), and oxidative phosphorylation genes. Importantly, HDAC3
promotes the basal transcription of these genes independently of adrenergic stimulation.
Thus, HDAC3 uniquely primes Ucp1 and the thermogenic transcriptional program to
maintain a critical capacity for thermogenesis in brown adipose tissue that can be rapidly
engaged upon exposure to dangerously cold temperature.
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Introduction

Brown adipose tissue (BAT) is a major site of mammalian non-shivering
thermogenesis mediated through UCP1-dependent respiration. Cold temperature
triggers fuel oxidation and UCP1-mediated dissipation of the mitochondrial proton
gradient to rapidly generate heat in BAT, and C57BL/6J (B6) mice acclimated to room
temperature (22 °C) survive acute exposure to 4 °C through this mechanism (Cannon
and Nedergaard, 2004; Chouchani et al., 2016; Enerbäck et al., 1997). While UCP1deficient mice can utilize other thermogenic mechanisms upon gradual acclimation to
cold, UCP1 is required to prevent lethal hypothermia upon rapid decreases in ambient
temperature, such as from 22 °C to 4 °C (Bal et al., 2012; Enerbäck et al., 1997; Kazak
et al., 2015; Long et al., 2016; Ukropec et al., 2006). Although much is known about
brown adipose commitment and differentiation, the transcriptional mechanisms that
ensure readiness of mature BAT for immediate heat production remain unclear(Harms
and Seale, 2013; Loft et al., 2016).
The ubiquitously expressed class I histone deacetylase HDAC3 is an epigenomic
modulator of nuclear receptor controlled gene expression, functioning as a stoichiometric
component of the nuclear receptor co-repressor (NCoR) complex to modulate
deacetylation of histones as well as non-histone targets (Guenther et al., 2000, 2001).
Global HDAC3 deletion is embryonic lethal, but studies of its tissue-specific functions
link HDAC3 to hepatic steatosis, macrophage function, atherosclerosis, bone density,
intestinal homeostasis, and cardiac energy metabolism (Alenghat et al., 2013; Bhaskara
et al., 2008; Hoeksema et al., 2014; Montgomery et al., 2008; Mullican et al., 2011;

51

Razidlo et al., 2010; Sun et al., 2011, 2012). However, its physiological role in BAT is not
known.

Results

We bred B6 mice with a floxed HDAC3 allele to B6 mice harboring the pan
adipose adiponectin-cre (Adipoq-cre) and the BAT-specific Ucp1-cre for conditional panadipose and BAT-specific knockout (KO) (Extended Data Fig. 3.1a), and challenged
adults with a drop in ambient temperature from 22 °C to 4 °C. As expected, control
littermates maintained their core body temperature in the face of the acute
environmental change (Fig. 3.1a). Strikingly, both the Adipoq-cre and Ucp1-cre HDAC3
KO mice exhibited a rapid loss of core body temperature, becoming severely
hypothermic within just a few hours of moving to 4 °C (Fig. 3.1a). The inability to
maintain core body temperature was lethal for every mouse lacking HDAC3 in BAT,
whereas all the control littermates survived (Fig. 3.1b). Notably, the severe cold
susceptibility of the HDAC3 KO mice were similar to that observed in congenic Ucp1 KO
mice (Fig. 3.1a, b).
The requirement for HDAC3 in regulating BAT-thermogenic capacity was
examined by measuring noradrenaline-induced wholebody oxygen consumption in
anaesthetized mice. Control littermates exhibited a rapid and robust increase in oxygen
consumption following noradrenaline treatment whereas HDAC3 KO mice had a blunted
response comparable to that observed in Ucp1 KO mice (Cannon and Nedergaard,
2004) (Fig. 3.1c). Despite severely impaired BAT metabolic respiration, loss of HDAC3
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had little effect on interscapular BAT mass, BAT mitochondrial content, or total body
mass (Extended Data Fig. 3.1b–d).
BAT mitochondrial function was tested by high-resolution respirometry. As
expected, palmitoylcarnitine

and

pyruvate

induced

respiration

in

control BAT

mitochondria and, consistent with UCP1-dependence, this was inhibited by guanosine
diphosphate (Cannon and Nedergaard, 2004) (Fig. 3.1d). Remarkably, mitochondria
from HDAC3 KO BAT exhibited impaired substrate-induced respiration, with reduced
function of complexes I, II, and IV of the electron transport chain (Fig. 3.1d). Consistent
with this mitochondrial dysfunction, histological analysis revealed the presence of larger
lipid droplets in HDAC3 KO BAT (Fig. 3.1e). By contrast, the histology of inguinal white
adipose tissue (iWAT) lacking HDAC3 was similar to that of wild-type (WT) mice
(Extended Data Fig. 3.1e).
To elucidate the molecular basis through which HDAC3 controls the thermogenic
capacity of BAT, we next performed RNA sequencing (RNA-seq) on BAT from control
and KO mice housed at thermoneutrality (29 °C) to avoid the potentially confounding
influence of cold-stress. Consistent with the well-known function of HDAC3 as a
corepressor, many genes were induced by loss of HDAC3, including classic repression
targets of the nuclear receptor Rev-erbα such as Bmal1 (also known as Arntl), E4bp4
(also known as Nfil3), Elovl5, and Plin2 (Fig. 3.2a). However, many genes were also
decreased in HDAC3 KO BAT, including a near-complete loss of Ucp1 in the BAT of
HDAC3 KO animals (Fig. 3.2a). UCP1 protein expression was nearly undetectable in
HDAC3 KO BAT, at both 29 °C and 22 °C (Fig. 3.2b). Ucp1 expression remained low in
HDAC3 KO BAT after acute cold exposure (Extended Data Fig. 3.2a, b) although it was
induced in iWAT (Extended Data Fig. 3.2c, d), suggesting a BAT-selective requirement
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for HDAC3. BAT HDAC3 messenger RNA (mRNA) and protein levels were not
appreciably affected by acute cold exposure (Extended Data Fig. 3.2e, f), and HDAC3
was neither induced nor required for primary brown adipocyte differentiation (Extended
Data Fig. 3.3a–d). However, primary brown adipocytes lacking HDAC3 exhibited
reduced basal Ucp1, which was minimally responsive to isoproterenol (Extended Data
Fig. 3.3e–g), demonstrating a cell-autonomous effect of HDAC3.
Analysis of the genes repressed by HDAC3 KO in BAT revealed a strong
enrichment for thermogenic pathways, including mitochondrial oxidative phosphorylation,
tricarboxylic acid cycle (TCA) enzymes, and other metabolic and energy producing
processes, with no signal for inflammatory pathways (Fig. 3.2c). Many components of
the TCA cycle and complexes I–V of the electron transport chain were diminished in the
absence of HDAC3 (Fig. 3.2d and Extended Data Fig. 3.4a), as confirmed by reversetranscription–quantitative PCR (RT–qPCR) at both 29 °C and 22 °C in pan-adipose as
well as BAT-specific HDAC3 KO models (Extended Data Fig. 3.4b, c).
Relative to controls, BAT HDAC3 KO animals had similar body weight and lean
mass, with slightly less body fat but indistinguishable basal energy expenditure, activity,
and food intake at 22 °C (Extended Data Fig. 3.5). Moreover, after 12 weeks of high-fat
feeding at room temperature, pan-adipose and BAT-specific HDAC3 KO mice gained
similar amounts of weight and body fat relative to controls (Extended Data Fig. 3.6a–d),
whose BAT HDAC3 expression was indistinguishable from mice fed with regular chow
(Extended Data Fig. 3.6e). Additionally, mice acclimated to thermoneutrality and
subsequently challenged with fed high-fat diet for 12 weeks exhibited no significant
differences in weekly body weights (Extended Data Fig. 3.7a-b). The findings from room
temperature are similar to the phenotype of Ucp1 KO mice, and suggestive of Ucp154

independent mechanisms that may control energy expenditure and body weight (Bal et
al., 2012; Enerbäck et al., 1997; Kazak et al., 2015; Long et al., 2016; Ukropec et al.,
2006). The thermoneutrality findings on high-fat diet, suggests loss of adipose HDAC3
may control other energy-wasting programs, which compensate for defective Ucp1
expression in diet-induced thermogenesis (Feldmann et al., 2009). Thus, HDAC3 is
uniquely required for priming the mitochondrial oxidative and thermogenic energyexpending gene programs in classic BAT to defend against environmental cold.
To determine the mechanism by which HDAC3 drives expression of thermogenic
gene pathways, we performed chromatin immunoprecipitation followed by sequencing
(ChIP–seq) in BAT for HDAC3 and for acetylated histone H3 lysine 27 (H3K27ac) as a
marker of active enhancers(Rada-Iglesias et al., 2011). Loss of HDAC3 led to reduced
H3K27ac at many sites of HDAC3 binding in control mice, often near genes that were
repressed by HDAC3 depletion (Fig. 3.3a). These results imply that, at these sites, the
usual function of HDAC3 as a histone deacetylase was overridden by its function as a
coactivator. By contrast, H3K27ac was increased at HDAC3 bound sites near genes that
were induced in HDAC3 KO BAT (Fig. 3.3a).
Steady-state mRNA levels correlated well with nascent transcription at gene
bodies as assessed by global run-on sequencing (GRO-seq) (Core et al., 2008)
(Extended Data Fig. 3.8a). Mining of the GRO-seq data for non-coding enhancer RNA
(eRNA) transcription to map functional enhancers revealed pronounced reduction in
activity of multiple enhancers at the Ucp1 locus (Fang et al., 2014; Wang et al., 2011)
(Fig. 3.3b). Genome-wide, HDAC3 binding at eRNAs that were downregulated upon
HDAC3 KO was enriched in BAT of control mice, adding to the evidence that HDAC3
functioned as a coactivator at these enhancers (Fig. 3.3c). Since Rev-erbα (also known
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as Nr1d1) deletion has the opposite effect on Ucp1, we reason that the ability of HDAC3
to function as Rev-erbα corepressor must be overcome by HDAC3 coactivation of a
different transcription factor (Gerhart-Hines et al., 2013).
To identify the transcription factor(s) coactivated by HDAC3, we used genomewide de novo motif analysis at sites of eRNA downregulation in HDAC3 KO BAT,
revealing enrichment of the binding motif for ERR at both 29 °C and 22 °C (Fig. 3.3d and
Extended Data Fig. 3.8b). ERRs are potent activators of mitochondrial metabolism,
oxidative phosphorylation (OXPHOS) pathways, and energy metabolism (Giguère,
2008). Other enriched motifs included those of known adipose lineage factors including
the BAT-specific EBF2 (Rajakumari et al., 2013; Soccio et al., 2015). Confirming the
motif prediction, genome-wide ERRα binding in BAT was strongest at sites where
eRNAs were downregulated upon HDAC3 KO (Fig. 3.3e). On a genome-wide level,
HDAC3 and ERRα binding strongly co-localized along with NCoR at downregulated
enhancers (Fig. 3.3f), suggesting a novel function of HDAC3. Moreover, endogenous
ERRα and HDAC3 co-immunoprecipitated in mature brown adipocytes (Extended Data
Fig. 3.8c).
Inspection of the Ucp1 locus revealed a super-enhancer (encompassing the
eRNAs highlighted in Fig. 3.3b) at sites of co-localized HDAC3 and ERRα (Fig. 3.3g).
Absence of HDAC3 led to marked attenuation of eRNA transcription and decreased
levels of H3K27ac (Fig. 3.3g and Extended Data Fig 3.8d, e), along with pronounced
reduction of Ucp1 mRNA at 29 °C and 22 °C in both HDAC3 KO models (Fig. 3.3g and
Extended Data Fig. 3.8f). Loss of HDAC3 had little or no effect on ERRα binding at the
Ucp1 locus (Fig. 3.3g and Extended Data Fig. 3.8 g). Genetic ablation of ERRα
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decreased Ucp1 expression and eRNA transcription in BAT (Extended Data Fig. 3.8h, i)
as well as in mature brown adipocytes (Extended Data Fig. 3.8j), albeit to a lesser
degree than HDAC3 KO perhaps because of redundancy with ERRγ (Dixen et al., 2013).
These data strongly suggest that HDAC3 is a critical coactivator of ERR-driven
thermogenic gene transcription in BAT.
Transcriptional activation by ERRα is highly dependent upon the coactivator
peroxisome proliferator-activated receptor gamma coactivator 1 alpha (Pgc-1α , also
known as Ppargc1α ) (Giguère, 2008; Rodgers et al., 2008). Notably, the transcriptional
function of PGC-1α is activated by lysine deacetylation, suggesting the possibility that
HDAC3 may activate ERR-dependent transcription via deacetylation of PGC-1α
(Rodgers et al., 2008). Indeed, HDAC3 markedly increased the transcriptional activity of
ERRα at a major HDAC3-bound enhancer of the Ucp1 gene in the presence of WT
PGC-1α but not a mutant form of PGC-1α that is unable to directly interact with ERRα
(Fig. 3.4a). Both PGC-1α and HDAC3 co-immunoprecipitated with ERRα (Extended
Data Fig. 3.9a), and HDAC3 robustly deacetylated PGC-1α that had been acetylated by
the histone acetyltransferase GCN5, both in cells and in vitro, and in a manner that was
prevented by the class I HDAC inhibitor trichostatin A (Rodgers et al., 2008) (Fig. 3.4b,
c). HDAC3 also reversed GCN5-mediated repression of PGC-1α coactivator function
(Extended Data Fig. 3.9b). Moreover, ectopic expression of non-acetylatable but not WT
PGC-1α in primary brown adipocytes lacking HDAC3 (Extended Data Fig. 3.9c)
markedly induced expression of Ucp1 but not the adipocyte differentiation marker Fasn
(Extended Data Fig. 3.9d).
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In addition to the post-translational regulation of PGC-1α, the Pgc-1α genomic
locus was bound by HDAC3 and ERRα at sites of potent enhancer activity that were lost
in the absence of HDAC3 (Fig. 3.4d), and HDAC3 functioned as an activator at this
enhancer (Fig. 3.4e). Indeed, Pgc-1α mRNA and protein were markedly reduced in
HDAC3 KO BAT (Fig. 4f, g). Of note, combined deficiency of Pgc-1α and Pgc-1β (also
known as Ppargc1β ) leads to loss of BAT Ucp1 expression and impaired mitochondrial
function, reminiscent of the BAT HDAC3 KO phenotype (Uldry et al., 2006). Enhancers
at the gene encoding PGC-1β were also bound by HDAC3 and ERRα (Extended Data
Fig. 3.10a), and Pgc-1β mRNA was markedly reduced in HDAC3 KO BAT (Extended
Data Fig. 3.10b). Moreover, eRNAs at these sites were dependent upon HDAC3
(Extended Data Fig. 3.10c, d). Further, depletion of PGC-1α and β and/or ERRα in
mature brown adipocytes decreased Ucp1 transcription (Extended Data Fig. 3.10e).
Thus, the ability of HDAC3 to activate PGC-1α both transcriptionally and posttranslationally amplifies its coactivator function at ERR family-regulated enhancers in a
feed-forward manner (Fig. 3.4h).
Intriguingly, the transcription of Ucp1 and Pgc-1α was even lower in the HDAC3
KO fat at thermoneutrality than at room temperature (Extended Data Fig. 3.10f),
indicating that the effect of loss of HDAC3 on basal expression of these genes is more
potent than eliminating sympathetic stimulation of BAT. This pattern of expression
(HDAC3 KO < thermoneutrality < room temperature) was identified in many additional
genes (Fig. 3.4i) critical for oxidative phosphorylation and energy metabolism (Fig. 3.4i,
j). Thus, a critical function of HDAC3 in BAT is to maintain a minimal basal expression of
Ucp1 and other genes regulating energy metabolism.
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Discussion

The maintenance and protection of core body temperature through tight control
of metabolism is a defining element of mammalian physiology. Our finding that BAT
HDAC3 transcriptionally maintains the basal activity of thermogenic gene networks
provides a physiological basis for the ability to rapidly generate heat in response to acute
exposure to dangerously cold environmental temperatures. HDAC3 has a unique role in
priming the brown adipocyte to support immediate thermogenic respiration and heat
production without delay. Thus, distinct from adaptive (inducible) thermogenic
mechanisms that require time to develop and respond, HDAC3 sets a basal thermogenic
tone which establishes the facultative capacity of BAT to turn on rapidly, on-demand, to
ensure readiness against acute and life-threatening cold exposure.
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Figure 3.1: HDAC3 controls BAT thermogenesis.
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Figure 3.1: HDAC3 controls BAT thermogenesis. a, b, Effect of acute cold exposure
from standard housing at 22 °C to 4 °C on Adipoq-cre HDAC3 KO (Hdac3f/f) mice versus
control littermates (n = 15, 8), Ucp1-cre HDAC3 KO mice versus control littermates
(n = 15, 7), and Ucp1-/- mice (n = 15): a, core body temperature; b, survival. c, Oxygen
consumption rates of anaesthetized Adipoq-cre HDAC3 KO mice versus control
littermates (n = 12, 5), Ucp1-cre HDAC3 KO mice versus control littermates (n = 6, 5),
and Ucp1-/- mice (n = 5) after injection of 1 mg per kg (body weight) noradrenaline. d,
Mitochondrial respiration of purified BAT homogenates from Adipoq-cre HDAC3 KO
mice versus control littermates (n = 5, 6), and Ucp1-cre HDAC3 KO mice versus control
littermates (n = 6, 5), after brief acclimation to thermoneutrality. Mitochondria were
provided palmitoylcarnitine and pyruvate substrates. UCP1-dependent respiration was
assessed upon addition of guanosine diphosphate (GDP), and coupled respiration rates
of complexes I, II, and IV (CI, CII, CIV) were determined in the presence of adenosine
diphosphate (ADP). e, Representative haematoxylin and eosin staining of interscapular
brown adipose from 10- to 12-week-old mice at 22 °C. Scale bars, 100 mm. *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001 as analysed by two-way analysis of variance
(ANOVA) and a Tukey’s post-test (a, c), log-rank (Mantel–Cox) test (b), or two-tailed
Student’s t-test (d). Data are represented as mean ± s.e.m.
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Figure 3.2: HDAC3 is required for expression of UCP1 and OXPHOS genes
in BAT.
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Figure 3.2: HDAC3 is required for expression of UCP1 and OXPHOS genes in BAT.
a, Scatterplot of RNA-seq data showing HDAC3-regulated BAT genes from Adipoq-Cre
HDAC3 KO versus control littermates (n = 4, 4) adapted to thermoneutrality (fold change
>1.5 up (red) or down (blue) and false discovery rate (FDR) < 0.01). RPKM, reads per
kilobase per million. b, Immunoblot from BAT of Adipoq-Cre HDAC3 KO, control
littermates, or Ucp1-/- adapted to 29 °C or maintained at 22 °C (n = 3, 3; n = 3, 3; n = 2).
c, Gene Ontology (GO) and pathway analysis of downregulated genes identified by
RNA-seq and selected by Enrichr combined score (KP, KEGG Pathway; BP, Biological
Process; CC, Cellular Component). d, Heat map depicting downregulated genes
identified in Gene Ontology analysis.
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Figure 3.3.: HDAC3 functions as an ERRα coactivator in BAT.
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Figure 3.3: HDAC3 functions as an ERRα coactivator in BAT. a, Average H3K27ac
ChIP-seq profiles of Adipoq-Cre HDAC3 KO mice versus control littermates (n = 3, 3;
pooled biological replicates per library) at enhancers bound by HDAC3 within 100
kilobases (kb) of transcription start sites of HDAC3 KO-regulated genes by GRO-seq
(fold change >1.5 or <0.5). Decreased H3K27ac at HDAC3 sites near repressed genes
(n = 1,085, P = 1.0 × 10-123) and increased H3K27ac at HDAC3 sites near induced genes
(n = 897, P = 9.0 × 10-56) upon loss of HDAC3. RPM, reads per million. b, Scatter plot of
enhancer RNAs (eRNAs) measured by GRO-seq in Adipoq-Cre HDAC3 KO mice versus
control littermates (n = 10, 10; pooled biological replicates per library) at 29 °C,
highlighting induced and repressed eRNAs (red, fold change >2; blue, fold change <0.5).
c, Average HDAC3 ChIP-seq profile of control littermates (n = 5, pooled biological
replicates per library) at enhancers with repressed or unchanged eRNAs in HDAC3 KO.
Significant HDAC3 binding found at HDAC3 KO-repressed eRNAs relative to unchanged
eRNAs (P = 2.4 × 10-215). d, De novo motif search at eRNA sites repressed in HDAC3
KO at 29 °C (ranked by P value). e, Average ERRα ChIP-seq profile in control
littermates (n = 5, pooled biological replicates per library) at enhancers with differential
eRNAs in HDAC3 KO. Significant ERRα found at HDAC3 KO-repressed eRNAs relative
to unchanged eRNAs (P = 1.0 × 10-288). f, Heat map depicting HDAC3, ERRα, and
NCoR co-localization at enhancers with repressed eRNAs in HDAC3 KO mice. g,
Genome browser tracks of the Ucp1 super-enhancer locus highlighting GRO-seq (22 °C,
29 °C), RNA-seq (29 °C), and ChIP-seq (29 °C) data (y axis scales in brackets: reads
per million; eRNA tracks feature adjusted y axis scale). P values for ChIP-seq or motif
search determined by Wilcoxon or binomial test, respectively.
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Figure 3.4: HDAC3 coactivation of ERRα is mediated by PGC-1α
deacetylation.

66

Figure 3.4: HDAC3 coactivation of ERRα is mediated by PGC-1α deacetylation. a,
Luciferase reporter assay of transcription driven by an identified Ucp1 enhancer (−6 kb),
demonstrating effects of ERRα, HDAC3, WT PGC-1α, and/or a PGC-1α LXXLL mutant
(L1/2/3A) unable to interact with ERRα (n = 3 replicates per condition). b, Immunoblot
analysis of PGC-1α lysine acetylation after immunoprecipitation from co-transfected
293FT cells. c, Immunoblot analysis of an in vitro deacetylation reaction of purified
acetylated-PGC-1α by recombinant human HDAC3, with or without trichostatin A (TSA).
d, Genome browser tracks of the Ppargc1a locus highlighting GRO-seq and RNA-seq
data, and eRNAs at HDAC3, ERRα, and NCoR co-bound distal enhancers (boxed). e,
Luciferase reporter assay as in a for identified Ppargc1a distal enhancer (−38 kb), (n = 3
replicates per condition). f, BAT Pgc-1α mRNA from Adipoq-Cre HDAC3 KO mice
versus control littermates (n = 9, 6) and Ucp1-Cre HDAC3 KO mice versus control
littermates (n = 5, 6). g, Immunoblot of PGC-1α in BAT nuclear extract of Adipoq-Cre
HDAC3 KO versus control littermates (n = 5, pooled biological replicates per lane). h,
BAT HDAC3 deacetylates PGC-1α to coactivate an ERR-driven transcriptional loop of
Ppargc1a/b, Ucp1, and OXPHOS genes. i, Flow chart depicting unbiased hierarchical
gene clustering of GRO-seq gene transcription by temperature and genotype. Boxplot
displays gene cluster requiring HDAC3 coactivator function, where line denotes median,
top/bottom of boxes represents first/third quartiles, and whiskers denote 1.5 times the
interquartile range from first/third quartiles. j, Heatmap of thermogenic and OXPHOS
genes identified in i. ***P < 0.001, ****P < 0.0001 as determined by one-way ANOVA
with multiple comparisons and a Tukey’s post-test (a, e) or two-tailed Student’s t-test (f).
Data are represented as mean ± s.e.m.
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Extended Data Figure 3.1: Ablation of HDAC3 in adipose tissue depots.
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Extended Data Figure 3.1: Ablation of HDAC3 in adipose tissue depots. a,
Immunoblot analysis of interscapular BAT, iWAT, and eWAT of Adipoq-Cre HDAC3 KO
and control littermates, or Ucp1-Cre HDAC3 KO and control littermates maintained at
22 °C (n = 2, all groups) demonstrating tissue-specific conditional KO of HDAC3. b,
Interscapular BAT mass, (c) Relative BAT mitochondrial number, and (d) total body
mass from Adipoq-Cre HDAC3 KO and Ucp1-Cre HDAC3 KO versus control littermates
maintained at 22 °C (n = 13 Adipoq-Cre, n = 9 control; n = 9 Ucp1-Cre, n = 10 control).
e, Representative haematoxylin and eosin (H&E) staining of inguinal white adipose from
10- to 12-week-old Adipoq-Cre HDAC3 KO, Ucp1-Cre HDAC3 KO, Ucp1 KO, or control
mice housed at 22 °C. Scale bars, 100 mm. Data are represented as mean ± s.e.m.
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Extended Data Figure 3.2: BAT HDAC3 is required for cold-mediated induction
of Ucp1 expression, and HDAC3 expression is not altered by acute cold.
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Extended Data Figure 3.2: BAT HDAC3 is required for cold-mediated induction of
Ucp1 expression, and HDAC3 expression is not altered by acute cold. a, b, BAT
Ucp1 mRNA levels following a 3 h exposure to 4 °C (from 22 °C) versus control
littermates maintained at 22 °C in (a) Adipoq-Cre HDAC3 KO versus control (n = 5, 5,
per temperature) and (b) Ucp1-Cre HDAC3 KO versus control (n = 5, 5, per
temperature). c, d, iWAT Ucp1 mRNA levels following 3 h exposure to 4 °C, versus
control littermates maintained at 22 °C in (c) Adipoq-Cre HDAC3 KO versus control
(n = 5, 5, per temperature) and (d) Ucp1-Cre HDAC3 KO versus control (n = 5, 5, per
temperature). e, BAT HDAC3 mRNA expression levels following a 3 h exposure to 4 °C
(from 22 °C) versus control littermates maintained at 22 °C (n = 5, 5, per temperature). f,
BAT HDAC3 protein levels following 3 h acute cold exposure at 4 °C (from 22 °C) versus
control littermates maintained at 22 °C. VCL, vinculin. NS, not significant, *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001 as determined by a two-way ANOVA and Holm–
Šidák’s post-test (a–d) or two-tailed Student’s t-test (e). Data are represented as
mean ± s.e.m.
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Extended Data Figure 3.3: HDAC3 is neither induced nor required for brown
adipogenesis, but required for cell-autonomous Ucp1 expression.
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Extended Data Figure 3.3: HDAC3 is neither induced nor required for brown
adipogenesis, but required for cell-autonomous Ucp1 expression. a, Gene
expression spanning differentiation of cultured WT primary brown adipocytes (n = 5
replicates per time point). b, Depletion of HDAC3 in day 8 cultured mature brown
adipocytes after addition of 2 mm 4-hydroxytamoxifen (4-OHT) during days 0–2 of
differentiation to Rosa26-CreER-positive (HDAC3 KO) and Rosa26-CreER-negative
(control) cells derived from littermates (n = 3, 3). c, Adipocyte-specific gene expression
in cultured primary brown adipocytes after depletion of HDAC3 versus control (n = 3, 3).
d, Assessment of lipid accumulation (evaluated by Oil Red-O staining) in cultured
HDAC3 KO versus control primary brown adipocytes. e, Ucp1 mRNA expression in
cultured primary brown adipocytes after depletion of HDAC3 versus control (n = 3, 3). f,
UCP1 protein expression in cultured primary brown adipocytes after depletion of HDAC3
versus control. (n = 3, 3). g, Ucp1 mRNA expression in cultured primary brown
adipocytes after depletion of HDAC3 versus control and treated with vehicle (ethanol) or
isoproterenol (1 mm) for 3 h (n = 4 per group). *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001, as determined by a two-tailed Student’s t-test (b, c, e) or by a two-way
ANOVA and Holm–Šidák’s post-test (g). Data are represented as mean ± s.e.m.

73

Extended Data Figure 3.4: HDAC3 is required for expression of mitochondrial
OXPHOS and TCA cycle genes.
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Extended Data Figure 3.4: HDAC3 is required for expression of mitochondrial
OXPHOS and TCA cycle genes. a, Bioinformatic extension of identified Gene Ontology
categories (Fig. 2c.) to all oxidative phosphorylation and TCA cycle genes as retrieved
by the HUGO gene nomenclature database. *Gene expression change in RNA-seq data
set with an FDR <0.01. b, c, RT–qPCR verification of gene expression changes
highlighted in Fig. 2d: b, Adipoq-Cre HDAC3 KO versus control littermates at 29 °C
(upper, n = 9, 6) and 22 °C (lower, n = 9, 7); c, Ucp1-Cre HDAC3 KO versus control
littermates at 29 °C (upper, n = 5, 6) and 22 °C (lower, n = 5, 7). *P < 0.05, **P < 0.01,
***P < 0.001, as determined by a two-tailed Student’s t-test. Data are represented as
mean ± s.e.m.
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Extended Data Figure 3.5: Metabolic studies of Adiponectin-Cre and Ucp1-Cre
HDAC3 KO mouse models
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Extended Data Figure 3.5: Metabolic studies of Adiponectin-Cre and Ucp1-Cre
HDAC3 KO mouse models. a, b, NMR analysis of body composition: a, Adipoq-Cre
mice versus control littermates (n = 8, 11); b, Ucp1-Cre mice versus control littermates
(n = 7, 9). c–n, CLAMS metabolic cage analysis. c, d, Oxygen consumption (VO2): c,
Adipoq-Cre HDAC3 KO versus control littermates (n = 6, 5); d, Ucp1-Cre HDAC3 KO
versus control littermates (n = 6, 6). e, f, ANCOVA of VO2 (linear regression analysis of
total body mass and oxygen consumption): e, Adipoq-Cre HDAC3 KO versus control
littermates (n = 6, 5); f, Ucp1-Cre HDAC3 KO versus control littermates (n = 6, 6). g, h,
Respiratory exchange ratio (RER): g, Adipoq-Cre HDAC3 KO versus control littermates
(n = 6, 5); h, Ucp1-Cre HDAC3 KO versus control littermates (n = 6, 6). i, j, Heat
measurements (kcal h−1): i, Adipoq-Cre HDAC3 KO versus control littermates (n = 6, 5);
j, Ucp1-Cre HDAC3 KO versus control littermates (n = 6, 6). k, l, Food intake: k, AdipoqCre HDAC3 KO versus control littermates (n = 6, 5); l, Ucp1-Cre HDAC3 KO versus
control littermates (n = 6, 6). m, n, Physical activity: m, Adipoq-Cre HDAC3 KO versus
control littermates (n = 6, 5); n, Ucp1-Cre HDAC3 KO versus control littermates (n = 6,
6). P values shown in italics. CLAMS data are graphed as rolling averages. NS, not
significant, *P < 0.05 as determined by a two-tailed Student’s t-test (a–d, g–n) or
ANCOVA (e, f). Data are represented as mean ± s.e.m.
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Extended Data Figure 3.6: Effect of high fat diet on Adiponectin-Cre and Ucp1Cre HDAC3 KO mouse models.
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Extended Data Figure 3.6: Effect of high fat diet on Adiponectin-Cre and Ucp1-Cre
HDAC3 KO mouse models. Twelve-week-old weight-matched HDAC3 KO and control
littermates were fed high-fat diet (HFD) for 12 weeks. a, Weekly body weights, (n = 8
Adipoq-Cre, n = 10 control). b, Body composition analysis by NMR (n = 8 Adipoq-Cre,
n = 10 control). c, Weekly body weights, (n = 7 Ucp1-Cre, n = 7 control). d, Body
composition analysis by NMR (n = 7 Ucp1-Cre, n = 7 control). e, RT–qPCR of BAT
HDAC3 mRNA expression after 12 weeks high-fat diet versus regular chow fed controls
(n = 7, 5, respectively). Data are represented as mean ± s.e.m.
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Extended Data Figure 3.7: Effect of high fat diet on Adiponectin-Cre and Ucp1Cre HDAC3 KO mouse models housed at thermoneutrality.
Twelve-week-old weight-matched HDAC3 KO and control littermates were fed high-fat
diet (HFD) for 12 weeks at thermoneutrality. a, Weekly body weights, (n = 8 Adipoq-Cre,
n = 12 control). b, Weekly body weights, (n = 10 Ucp1-Cre, n = 10 control). Data are
represented as mean ± s.e.m.
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Extended Data Figure 3.8: Transcriptional role of HDAC3 and ERRα in BAT.
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Extended Data Figure 3.8: Transcriptional role of HDAC3 and ERRα in BAT.
a, Heat map demonstrating correlation of RNA-seq and GRO-seq data. Differentially
expressed genes in RNA-seq or GRO-seq data were sorted by log2(fold change) in
RNA-seq. b, De novo motif enrichment at repressed eRNAs in Adipoq-Cre, HDAC3 KO
mice versus control littermates (n = 10, 10; pooled biological replicates per library)
maintained

at 22 °C

and ranked by

P

value. c, Endogenous HDAC3

co-

immunoprecipitation of ERRα in differentiated mature brown adipocytes. d, e, RT–
qPCRs of BAT Ucp1 eRNA expression and (f) Ucp1 mRNA at 22 °C and 29 °C in
Adipoq-Cre and Ucp1-Cre HDAC3 KO mice versus control littermates, 29 °C (n = 9
Adipoq-Cre, 6 control; n = 5 Ucp1-Cre, 6 control) and 22 °C (n = 9 Adipoq-Cre, 7 control;
n = 5 Ucp1-Cre, 7 control). g, ChIP–qPCR of ERRα at Ucp1 enhancers in Adipoq-Cre
HDAC3 KO versus control littermates (n = 3, 3) adapted to 29 °C. h, RT–qPCR of
ERRα and Ucp1 mRNA expression and (i) Ucp1 eRNA expression in ERRα KO BAT
versus control littermates (n = 8, 7). j, RT–qPCR analysis of ERRα and Ucp1 mRNA
expression

in

mature

brown

adipocytes

after

siRNA-mediated

knockdown

of

ERRα versus scramble 72 h after transfection (n = 3, 3). *P < 0.05, **P < 0.01,
***P < 0.001 as determined by a two-tailed Student’s t-test (d–e, g–j), two-way ANOVA
with Holm–Šidák’s post-test (f). P values for motif enrichment as determined by binomial
test (b). Data are represented as mean ± s.e.m.
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Extended Data Figure 3.9: Role of HDAC3 on PGC-1α acetylation and function.
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Extended Data Figure 3.9: Role of HDAC3 on PGC-1α acetylation and
function. a, Co-immunoprecipitation of HDAC3 and PGC-1α with ERRα from 293FT
cells. b, Luciferase reporter assay of transcription driven by the major Ucp1 enhancer
(−6 kb) after transfection of ERRα, PGC-1α, GCN5, and/or HDAC3 (n = 3 replicates per
condition). c, d, Primary brown pre-adipocytes from Rosa26-CreER-positive HDAC3F/F
and HDAC3F/F control littermates transduced with MSCV retroviruses: control, PGC-1α
WT, or non-acetylatable PGC-1α R13 mutant, treated with 2 mm 4-hydroxytamoxifen
during days 0–2 of differentiation to deplete HDAC3, and studied at day 8 of
differentiation. c, Immunoblot analysis of exogenous PGC-1α expression in primary
brown adipocytes (n = 2 replicates pooled per lane). d, RT–qPCR analysis of Ucp1 and
Fasn expression in control and HDAC3 KO primary brown adipocytes following
transduction with MSCV-Control (n = 4 control, 3 HDAC3 KO), MSCV-PGC-1α WT
(n = 4 control, 4 HDAC3 KO), or MSCV-PGC-1α R13 (non-acetylatable mutant) (n = 3
Control, 4 HDAC3 KO). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, as
determined by a one-way ANOVA and a Tukey’s post-test (b, d). Data are represented
as mean ± s.e.m.
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Extended Data Figure 3.10: HDAC3 and ERRα activate Ppargc1b enhancers
and transcription.
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Extended Data Figure 3.10: HDAC3 and ERRα activate Ppargc1b enhancers
and transcription. a, Genome browser tracks of the Ppargc1b locus highlighting
GRO-seq and ChIP-seq data from HDAC3 KO and control BAT (y axis scales,
normalized reads, reads per million) demonstrating co-binding of HDAC3, ERRα, and
NCoR at functional enhancers. b, BAT PGC-1β mRNA levels in Adipoq-Cre HDAC3 KO
BAT versus control littermates (29 °C: n = 9, 6; 22 °C: n = 9, 7). c, d, RT–qPCR of
eRNAs found at HDAC3 and ERRα enhancers in Adipoq-Cre HDAC3 KO BAT versus
control littermates (29 °C: n = 9, 6; 22 °C: n = 9, 7) and Ucp1-Cre HDAC3 KO BAT
versus control littermates (29 °C: n = 5, 6; 22 °C: n = 5, 7). e, RT–qPCR analysis of
Ucp1 mRNA expression in mature brown adipocytes after combinatorial siRNA
knockdown of Pgc-1α, Pgc-1β, and/or ERRα versus scramble siRNA (n = 5 replicates
per condition). Statistical analysis performed among groups transfected with siRNAs. f,
Quantification of Ucp1 and Pgc-1α nascent gene body transcription (GRO-seq) at 22 °C
and 29 °C in Adipoq-Cre HDAC3 KO BAT versus control littermates (n = 10, 10, pooled
biological replicates per library). *P < 0.05, **P < 0.01, ***P < 0.001, as determined by a
two-tailed Student’s t-test (b–d), one-way ANOVA and a Holm–Šidák post-test (e), or an
exact test (performed in EdgeR). Data are represented as mean ± s.e.m.
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Chapter 4
Brown adipose tissue HDAC3-dependent cold survival is
circumvented by environmentally induced epigenomic
memory.

In preparation.
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Abstract

Brown adipose tissue liberates stored chemical energy as heat through substrate
oxidation and uncoupled respiration to protect against hypothermia (Cannon and
Nedergaard, 2004; Harms and Seale, 2013). The basal thermogenic capacity of brown
adipose tissue is established transcriptionally by histone deacetylase 3 (HDAC3)
mediated enhancer activation (Emmett et al., 2017). However, the existence of
alternative HDAC3-independent thermogenic pathways promoting cold survival are
unknown. Here, we demonstrate that brief environmental exposure to moderate cold
circumvents the genetic requirement of HDAC3 for Ucp1 activation and cold survival,
signifying an epigenomic rescue. Brown adipose genetic ablation of HDAC3 results in
deficient Ucp1 expression and mice briefly exposed to a cooler environment rescue
Ucp1. Remarkably, knockout mice briefly exposed to moderate cold and subsequently
returned to ambient temperature, demonstrate an acquired physiological aptitude to
avert

hypothermia

Environmental

upon

exposure

acute
imposes

exposure
an

to

dangerously

HDAC3-independent

low

temperatures.

epigenomic

memory

supporting Ucp1 and oxidative phosphorylation gene expression lasting days. Notably,
moderate cold activates BAT enhancers bound by Estrogen-related receptor α (ERRα)
requiring the PGC-1α coactivator. Moderate cold induced PGC-1α isoforms bypass the
requirement for HDAC3, as BAT-specific depletion of HDAC3 and PGC-1α largely
abrogate moderate cold induced Ucp1 transcription. Thus, while brown adipose HDAC3
primes the basal thermogenic tone, past experience of moderate cold imparts an
epigenomic memory to anticipate and ensure survival of probable impending
dangerously cold temperatures.
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Introduction
Brown adipose tissue (BAT) is a major site of mammalian thermogenesis and
contributes to the facultative and adaptive responses to cold( Cannon and Nedergaard,
2004; Harms and Seale, 2013). As BAT is a primary tissue responsible for the
generation of heat upon cold stimulus, brown adipocytes are dense in mitochondria and
express a unique gene program to facilitate substrate oxidation required for
thermogenesis. The critical effector of brown adipocyte thermogenic function is
uncoupling protein 1 (UCP1), which resides in the inner mitochondrial membrane and
dissipates the proton motive force upon activation by fatty acid and reactive oxygen
species to generate heat (Chouchani et al., 2016; Fedorenko et al., 2012). In addition to
the thermogenic function of brown fat, recent evidence suggests that brown and ‘brownlike’ adipocytes may additionally provide beneficial effects to human metabolism through
the combustion of stored calories to counteract diabetes, obesity, and insulin resistance
(Cypess et al., 2009; Van Marken Lichtenbelt et al., 2009; Nedergaard et al., 2007; Saito
et al., 2009; Virtanen et al., 2009). While BAT may counter the harmful metabolic effects
of adult humans, there exists great variation of both BAT mass and activity levels
amongst individuals (Ouellet et al., 2011; Persichetti et al., 2013). The reasons and
mechanisms underlying BAT heterogeneousness among humans are unknown, but they
are likely to involve genetic, epigenetic, and environmental influences. Thus, the
mechanisms that influence brown adipose tissue function in thermogenesis and
metabolism are of much interest.
HDAC3 has emerged as an important regulator of the brown fat thermogenic
program (Emmett et al., 2017). As the sole histone deacetylase of the nuclear receptor
corepressor (NCoR) complex, HDAC3 physically interacts with the nuclear receptor
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corepressor molecules, NCOR and SMRT, which bind to and modulate nuclear receptor
transcriptional activity through the deacetylation of histone and non-histone targets
(Guenther et al., 2001). HDAC3 has demonstrated a plethora of vital and pleiotropic
roles

in

mammalian

physiology

and

metabolism,

such

as

cardiac

energy

metabolism(Montgomery et al., 2008; Sun et al., 2011), skeletal muscle exercise
endurance(Hong et al., 2016), liver hepatosteatosis (Feng et al., 2011; Sun et al., 2012),
and macrophage alternative activation (Hoeksema et al., 2014). In BAT, HDAC3
surprisingly functions as a coactivator of the nuclear receptor estrogen-related receptor
α (ERRα) function, through the deacetylation and activation of peroxisome proliferatoractivated receptor gamma coactivator 1-alpha (PGC-1α) to prime the basal transcription
of thermogenic genes (Emmett et al., 2017; Rodgers et al., 2005; Villena et al., 2007).
Brown adipose tissue-specific loss-of-function studies, demonstrated a genetic
requirement for HDAC3 in activating the basal transcription of Ucp1, Pgc-1α, and
oxidative phosphorylation genes, to ensure survival of acute life-threatening cold
temperatures (Emmett et al., 2017).
Cold survival is Ucp1-dependent in C57BL/6 mice acclimated to the standard
housing temperatures of 22 °C (Enerbäck et al., 1997; Golozoubova et al., 2006).
Despite the critical importance for Ucp1 gene expression in surviving acute cold from
this ambient temperature, it has been demonstrated that mice genetically deficient for
the Ucp1 gene may be gradually acclimated to a cold environment, and multiple Ucp1independent pathways facilitate this metabolic adaptation (Bal et al., 2012; Kazak et al.,
2015; Long et al., 2016; Ukropec et al., 2006). Despite this ability, cold adaptation in
Ucp1 knockout C57BL/6 mice may take weeks to develop, while some mice succumb to
cold during the acclimation period (Ukropec et al., 2006), highlighting both the critical
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importance of Ucp1-dependent thermogenesis as well as the complexity of Ucp1independent

pathways.

Nevertheless,

both

pathways

prove

important

to

our

understanding of metabolism as well as the interaction of genes-to-environment, and
vice-versa. The vast variety of mechanisms uncovered using the Ucp1 knockout mouse
model to study cold adaptation, suggests that in other models of impaired brown fat
thermogenesis, there may yet exist unappreciated regulatory and compensatory
mechanisms contributing to mammalian physiology.
Thus, we sought to study the ability of the extremely cold-intolerant BAT-specific
HDAC3 knockout mice, to adapt and survive environmental cold (Emmett et al., 2017).
Specifically, we utilized previously described mouse models using Ucp1-cre or
Adiponectin-cre (Adipoq-cre) to deplete HDAC3 in C57BL/6 mice in a brown-specific or
adipose-specific fashion, respectively. Here, we report that brief environmental exposure
of BAT-specific HDAC3 knockout mice to moderately cold temperature restores
defective Ucp1 expression through ERRα enhancer activation and improves the
thermogenic capacity of mice, thus enabling survival of extreme cold. The restoration of
defective Ucp1 expression and its lasting duration of several days are indicative of a
cold-dependent epigenomic memory, which occurs in both control and HDAC3-deficient
mice to prepare against future bouts of cold. This provides a unique insight into the
molecular gene-environment interactions that occur in brown adipose and have
physiological significance.

Results
Moderate Cold Temperature Initiates an HDAC3-Independent Thermogenic
Pathway in Brown Adipose Tissue.
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Ucp1-cre and Adipoq-cre mice crossed to mice with a conditional HDAC3 allele
on the C57BL/6 background, results in profound hypothermia upon extreme cold from a
thermogenic deficiency of brown adipose. These BAT-specific HDAC3 knockout (KO)
mice were utilized to uncover putative mechanisms of adaptation to harsh environmental
cold. Since, HDAC3 knockout mice succumb to hypothermia upon moving from 22 °C to
4 °C, similar to Ucp1 knockout mice (Enerbäck et al., 1997), we hypothesized that
HDAC3 knockouts may also survive and adapt to a more modest decrease in ambient
environmental temperature. To test this hypothesis, we moved mice from 22 °C to 15 °C,
representing a 7-degree drop in housing temperature. To our surprise, all BAT-specific
HDAC3 KO mice survived this 24-hour exposure to lower temperature and exhibited no
physical signs of cold distress.
Quantification of mRNA yielded the expected ablation of HDAC3 mRNA in Ucp1cre-positive animals as compared to their matched Ucp1-cre-negative control littermates
at 22 °C and following exposure to 15 °C for 24 hours (Figure 4.1a). Surprisingly, Ucp1
mRNA was robustly induced in HDAC3 KO mice briefly housed at 15 °C for 24 hours,
whereas littermate HDAC3 KO mice remaining at room temperature exhibited nearly
absent Ucp1 mRNA (Figure 4.1b). We next assessed whether the rescued Ucp1
transcription in HDAC3 knockout mice normally deficient for Ucp1 mRNA, resulted in
increased UCP1 at the protein level. Indeed, assessment of UCP1 protein levels in mice
following 24 hours at 15 °C resulted in a complete rescue of defective UCP1 protein
expression in HDAC3 KO BAT, while littermate knockouts exhibited a complete loss of
UCP1 protein at 22 °C (Figure 4.1c). We further confirmed these results in a second
model of brown fat HDAC3 ablation using Adipoq-cre (Supplementary Figure 4.1a),
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which demonstrated the same observations at the mRNA and protein levels (Extended
Data Figure 4.1b and c).
Consistent with impaired thermogenic gene expression and substrate oxidation,
HDAC3 KO animals displayed larger lipid droplets under standard housing conditions,
which decreased upon exposure to moderate cold (Figure 4.1d). These results suggest
that moderate environmental cold can initiate and circumvent defective HDAC3 KO Ucp1
expression as well as re-activate pathways needed for the oxidation of stored lipid
substrate. We thus hypothesized that a brief exposure of HDAC3 KO mice to moderate
cold, may exhibit physiological impact on cold tolerance and survival.

Brief Exposure to Moderate Environmental Cold Imparts a Lasting
Thermogenic Aptitude for Cold-Survival in HDAC3 Knockout Mice.

We tested our hypothesize using the moderate cold exposure regimen as a
starting point for physiological studies of brown adipose tissue function in the HDAC3
KO mouse models. Previous studies demonstrating the severe cold intolerance and
lethal hypothermia in HDAC3 KO mice were performed starting from standard housing
conditions of 22 °C, where mice were acutely transferred to 4 °C for acute cold tolerance
testing(Emmett et al., 2017). Notably, C57BL/6 mice acclimated to 22 °C require Ucp1
for cold survival upon exposure to 4 °C (Enerbäck et al., 1997; Golozoubova et al., 2001,
2006). Therefore, we developed a regimen to assess the physiological impact of prior
moderate cold exposure on HDAC3 KO mice and control littermates following a return of
the mice to 22 °C (Extended Data Figure 4.2a).
Control animals and HDAC3 KO littermates, for Ucp1-cre and Adipoq-cre mouse
lines, acclimated to 22 °C were challenged with a precipitous drop in ambient
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temperature to 4 °C. As anticipated, control littermates demonstrated a remarkable
ability to preserve core body temperature upon challenge at 4 °C (Figure 4.2a).
However, as expected based on defective Ucp1 expression (Enerbäck et al., 1997), the
Ucp1-cre and Adipoq-cre HDAC3 KO mice became severely hypothermic following
merely 1-2 hours of physiologic challenge at 4 °C (Figure 4.2a)(Emmett et al., 2017).
The profound inability of all HDAC3 KO mice to protect core body temperature was lethal
for all mice, whereas control littermates thrived upon cold challenge (Figure 4.2b).
Following 24 hours of environmental exposure at 15 °C, HDAC3 KO mice and
control littermates were returned to standard housing conditions at 22 °C for 24 hours of
re-acclimation and recovery (designated the ‘24-hour recovery’ group) (Extended Data
Figure 4.2a). The 24-hour recovery group was then challenged with the acute
environmental challenge at 4 °C. Amazingly, both the Adipoq-cre and Ucp1-cre HDAC3
KO mice thrived at 4 °C and vigorously defended their core body temperatures in the
absence of any visible signs of physiological stress (Figure 4.2c). Notably, both HDAC3
KO mice and control littermates survived the duration of cold challenge (Figure 4.2d)
unlike mice previously tested from a constant 22 °C environment.
Next, a third group of HDAC3 KO mice and control littermates where exposed to
15 °C for 24 hours and allowed to recover and acclimate back to room temperature for 7
days (designated the ‘7 day recovery’ group). Remarkably, HDAC3 KO mice, like their
littermate controls, were again capable of vigorously defending their core body
temperature and demonstrated no propensity towards the development of hypothermia
(Figure 4.2e). Prior moderate cold enabled all HDAC3 KO mice tested to survive the sixhour severe cold challenge (Figure 4.2f), and this thermogenic aptitude remained one
week following a brief exposure to a mild environmental change.
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In contrast to mice housed at constant ambient temperatures, HDAC3 KO mice,
subjected to a modest shift in temperature change, demonstrate a remarkable and
enduring physiological change in thermogenic brown fat capacity, despite the absence of
HDAC3. As HDAC3 is genetically required for Ucp1 expression under standard housing
conditions, and is the sole genetic difference between the mice studied here, our results
suggest that a unique environment-genome reprogramming occurs to facilitate the
restoration of Ucp1 expression and perhaps additional Ucp1-independent components of
the thermogenic program. To test the hypothesis that moderate cold may induce both
Ucp1-dependent and Ucp1-independent pathways (Bal et al., 2012; Golozoubova et al.,
2001; Granneman et al., 2003; Kazak et al., 2015; Long et al., 2016; Ukropec et al.,
2006), we genetically deleted the Ucp1 gene using a congenic C57BL/6 knockout allele
crossed to the tissue specific HDAC3 KO mice, generating HDAC3/UCP1 double
knockout (DKO) mice.

Acquired Thermogenic Aptitude in HDAC3 Knockout Mice is UCP1dependent.

As Ucp1 knockout mice are capable of adaptation to cold through Ucp1independent pathways, we tested the genetic requirement for Ucp1 expression in the
phenotypic rescue of the HDAC3 KO model following exposure to 15 °C. While
attempting to generate DKO mice, we were only able to generate Adipoq-cre, Hdac3f/f,
Ucp1-/- mice, presumably due to integration of the Ucp1-cre BAC transgene onto the
same chromosome as the Ucp1 null allele (Ch. 8). Therefore, we subjected the Adipoqcre, Hdac3f/f, Ucp1-/- DKO mice housed at 22 °C to 24-hours at 15 °C, and observed that
mice of all generated genotypes survived. Following a 24-hour recovery period at 22 °C,
we subjected the HDAC3/UCP1 DKO mice to acute environmental challenge at 4 °C. To
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our surprise, all mice genetically lacking Ucp1 became severely from hypothermic
(Figure 4.3a), and perished regardless of HDAC3 expression in adipose from
hypothermia (Figure 4.3b). Thus, we conclude that Ucp1 is genetically required for the
phenotypic rescue of HDAC3 KO mice at 15 °C, as defective Ucp1 is activated in these
mice. Further, we conclude that 24 hours of exposure to moderate cold does not meet
either the temporal and/or metabolic requirement(s) for the induction of Ucp1independent pathways. Therefore, we focused on identifying the transcriptional changes
that occur in both HDAC3 KO mice and control littermates, following moderate cold.

Environmental Exposure to Moderate Cold Mediates an Epigenetic Rescue
of HDAC3 Knockout BAT Thermogenic Genes.

To elucidate the transcriptional changes that facilitate the persistent thermogenic
aptitude of HDAC3 KO mice to defend core body temperature against cold, we
performed RNA sequencing (RNA-seq) on Ucp1-cre HDAC3 KO and control littermate
mice housed at 22 °C and following 24 hour and 7 day recovery periods. We performed
an unbiased principal component analysis (PCA) using 24 brown fat transcriptomes
(biological

replicates)

to

determine

the

relationships

between

genotype

and

environmental exposure. Identified relationships were projected and plotted as a function
of the two principal components identified in the analysis (PC1 and PC2). Interestingly,
the PCA analysis revealed four distinct populations of brown fat, demarcated by
genotype and environment (Figure 4.4a). However, while HDAC3 KO and littermate
controls remain distinct in all conditions, these populations display a common transition
following cold exposure (Figure 4.4a). Stated differently, the control and HDAC3 KO BAT
becomes more similar following cold, suggestive of a common cold-induced regulatory
mechanism exercising functions independent of genotype. To further analyze this point,
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we generated RNA-seq scatterplots to visualize differential gene expression between
control littermate and HDAC3 KO BAT (genotype) before and after cold (environment).
Consistent with PCA analysis, we observed fewer differential genes between control and
HDAC3 KO BAT following cold exposure. Notably, we uncovered that Ucp1 transcription
that is nearly absent in the HDAC3 KO BAT at room temperature and is activated
similarly in both WT and HDAC3 KO mice in the 24-hour and 7-day recovery groups
(Figure 4.4b), which was confirmed by reverse-transcription–quantitative PCR (RT–
qPCR) (Extended Data Figure 4.3a).
To further discover transcriptional changes, like Ucp1, which are commonly
regulated in an environment-dependent fashion, we undertook an unbiased hierarchical
gene clustering approach to identify co-regulated genes. Hierarchical clustering analysis
revealed two distinct gene clusters (labeled 1 and 2), which exhibited expression
patterns mostly induced and persisting moderate cold exposure (Extended Data Figure
4.3b). Interestingly, these gene clusters were highly enriched for genes down-regulated
in the HDAC3 KO BAT and were transcriptionally rescued following moderate cold
exposure (Extended Data Figure 4.3b). Analysis of the genes falling within these
clusters, revealed a dramatic enrichment for mitochondrial processes such as the
mitochondrial electron transport chain and respiration (oxidative phosphorylation), as
well as mitochondrial organization and fatty acid oxidation (Figure 4.4c-d). Remarkably,
many of the genes identified through clustering analysis are oxidative phosphorylation
genes previously identified as dependent upon HDAC3 basal co-activator function for
transcriptional activation demonstrated prolonged expression (Figure 4.4e) (Emmett et
al., 2017).

97

As functional mitochondria are a requirement for brown adipose mediated
thermogenesis, and HDAC3 KO mice have impaired mitochondrial respiration(Emmett et
al., 2017), we next evaluated mitochondrial structure of HDAC3 KO mice and control
littermates by electron microscopy. Notably, in mice lacking HDAC3, there were
significant structural changes in mitochondrial morphology (Figure 4.4f). Electron
micrographs of HDAC3 KO BAT demonstrated striking change, as many mitochondria
appeared much smaller, and appeared more rounded and varied in size, as compared to
control littermates (Figure 4.4f). Ultrastructural analysis also demonstrated irregular and
decreased density of cristae in the HDAC3 KO. Interestingly, following moderate cold
and 24-hours of recovery at room temperature, the abnormal size and structures of BAT
HDAC3 KO mitochondria were mostly abrogated as the HDAC3 KO resembled control
(Figure 4.4f). Consistent with the observed gene ontology enrichment in mitochondrial
processes and mitochondrial organization, we conclude these transcriptional changes
have physiological significance and contribute to the rescued cold intolerance phenotype
of HDAC3 KO mice. Thus, we conclude that moderate cold must induce a persistent
epigenomic change in brown fat, which circumvents the requirement of HDAC3
coactivator activity for the transcription of thermogenic gene programs.

Moderate Cold Exposure Activates BAT Enhancers in an HDAC3Independent Manner.

To determine the mechanism of how brief exposure to moderate cold both
rescues the defective gene expression in HDAC3 KO mice and induces a prothermogenic gene expression profile in BAT, we performed global run-on sequencing
(GRO-seq) (Core et al., 2008) to map nascent transcription. From the GRO-seq
datasets, we bioinformatically identified non-coding enhancer RNAs (eRNAs) to define
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and map functional enhancers (Emmett et al., 2017; Fang et al., 2014; Kim et al., 2010;
Li et al., 2013) in BAT from HDAC3 KO animals and control littermates at 22 °C and
following 24-hours at 15 °C. We reasoned that since transcriptional changes persisted in
control and HDAC3 KO tissue following recovery at 22 °C, mapping eRNAs transcription
directly dependent upon cold signals would be most informative for uncovering the
underlying mechanism. Thus, we performed GRO-seq on BAT during exposure to 15 °C.
Analysis of the differential BAT eRNAs from control littermates and HDAC3 KO at
22 °C versus 15 °C, demonstrated the remarkable shared induction of eRNAs from both
genotypes upon a modest decrease in environmental temperature (Figure 4.5a, red
highlighted box). Having previously identified sustained induction of thermogenic genes
in our RNA-seq dataset, we hypothesized that the 3,963 identified cold induced eRNAs
in control and HDAC3 KO BAT, may mark the functional enhancers responsible for
mediating an epigenomic rescue of Ucp1 and brown fat aptitude. To identify the putative
transcription factor, which may modulate enhancer function at these eRNA sites, we
performed de novo motif analysis of the induced eRNAs (Figure 4.5b). Interestingly, we
discovered significant enrichment for the estrogen-related receptor motif at sites of coldinduced transcription in both HDAC3 KO and control littermates (Figure 4.5b).
Previously,

we

identified

HDAC3

as

a

critical

coactivator

of

ERRα-

mediated transcriptional activity (Emmett et al., 2017). Taken together, these data
suggest moderate cold exposure may molecularly bypass the requirement of HDAC3
mediated ERRα enhancer coactivation under basal conditions, and strengthens the
emerging roles for ERRs as regulators of mitochondrial energy metabolism and brown
fat thermogenesis (Giguère and Gigue, 2008; Luo et al., 2003; Villena and Kralli, 2008;
Villena et al., 2007). Additionally, we identified strong motif enrichment of the important
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brown adipose lineage factors (Soccio et al., 2015) C/EBP (Kajimura et al., 2009;
Lefterova et al., 2010) and EBF2 (Rajakumari et al., 2013; Shapira et al., 2017) at sites
of induced eRNA activity, which may enhance ERR function at brown fat enhancers.
To confirm the de novo induced ERRα motif at eRNA sites, we performed ChIPseq of ERRα in littermate control mice housed at 22 °C to determine true ERRα bound
enhancers. In fact, ERRα binding was strongest at sites of eRNA downregulation in
HDAC3 KO BAT at room temperature (Figure 4.5c), similar to results obtained from
animals maintained at thermoneutrality (Emmett et al., 2017). We next quantitatively
examined eRNA transcriptional changes at ERRα binding sites HDAC3 KO BAT
following cold, where eRNA transcription in downregulated at 22 °C. Strikingly, the
average eRNA transcriptional profile at ERRα bound enhancers was significantly
increased in the HDAC3 KO following cold exposure (Figure 4.5d), supporting a
mechanism whereby the genetic requirement for HDAC3 is circumvented by moderate
cold. Since, ERRα is a very weak transcriptional activator and relies upon physical
recruitment of the strong transcriptional coactivator PGC-1α for nearly all of its function
(Giguère and Gigue, 2008; Schreiber et al., 2003; Villena and Kralli, 2008) we next
inspected the PGC-1α locus.

Activation of Ucp1 Transcription is Partially Abrogated by Genetic
Depletion of PGC-1α

Due to the strong genomic evidence that ERRα sites may be mediating induced
enhancer activity in control and HDAC3 KO BAT, we inspected the Pgc-1α locus in
GRO-seq data from the BAT of mice exposed to moderate cold. To our surprise, cold
temperature strongly stimulated transcription from an alternative upstream promoter,
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known to Pgc-1α isoforms in nearby alternative first exons (exons 1b or 1b’) from nearly
14kb upstream of the proximal promoter (Figure 4.6a).
Isoform expression from this alternative promoter has been demonstrated in
muscle upon exercise (Ruas et al., 2012) and in brown adipose at 4 °C (MartínezRedondo et al., 2015; Zhang et al., 2009); however, here we demonstrate expression at
15 °C. qPCR results confirm that basal Pgc-1α1 transcription from the proximal
promoter is HDAC3-dependent (Figure 4.6b) consistent with previous results (Emmett et
al., 2017), in contrast to HDAC3-independent induction in the cold-stimulated state
following 24 hours at 15 °C (Figure 4.6b). We next confirmed the increased expression
of Pgc-1α isoforms from the alternative promotoer in BAT of control and HDAC3 KO
mice exposed to 15 °C versus mice maintained at room temperature (Figure 4.6c).
Notably, whole-body knockout mice with deletion of all Pgc-1α gene product are
cold-intolerant and expire to acute cold exposure (Lin et al., 2004), whereas a different
genetic whole-body knockout of Pgc-1α, retained a shorter form of Pgc-1α (Chang et al.,
2012) resulted in complete cold tolerant (Leone et al., 2005), suggesting the Pgc-1α
isoforms may contribute adaptive thermogenesis.
We next screened by the isoforms by qPCR to see if expression persisted during
the 24-hour and 7-day recovery period. We found the Pgc-1α1, transcript from the
proximal promoter decreased to near basal levels upon removal from cold (Figure 6D).
However, the Pgc-1α4 isoform from generated from alternative upstream exons e1b
remained elevated (Figure 4.6e), albeit at lower levels than during cold, at 24-hours and
7-days recovery times. We next compared PGC-1α4 to PGC-1α1 coactivation ability of
ERRα using an ERR enhancer from the Ucp1 locus (Martínez-Redondo et al., 2015).
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Notably, PGC-1α4 was able to coactivate ERRα (Emmett et al., 2017), with comparable
magnitude to the major Ppargc1a gene product, PGC-1α1 (Figure 4.6f). We next
evaluated the levels of Ucp1 using a custom siRNA designed to target the alternative
first exon, exon 1b, of the Pgc-1α4 transcript, which led to a significant reduction in Ucp1
transcription. Consistent with a role for PGC-1α enhancing Ucp1 transcription, BATspecific Ucp1-cre mediated PGC-1α knockouts (Extended Data Figure 4.4a) reduced
Ucp1 transcription.
Therefore, we next tested the hypothesis that BAT-specific Ucp1-cre HDAC3,
PGC-1α DKO mice, would demonstrate an impaired rescue of Ucp1 expression
following moderate cold exposure at 15 °C. Consistent with the loss of HDAC3, Ucp1cre, HDAC3/PGC-1α DKO mice displayed nearly absent Ucp1 expression at room
temperature (Figure 4.6f). However, following moderate cold exposure and 24-hours
recovery at 22 °C, the HDAC3/PGC-1α DKO mice displayed defective restoration of
Ucp1 mRNA expression.

Discussion

Brown adipose tissue is important in the mammalian response against cold to
defend core body temperature and ensure homeostasis and survival. Therefore,
mechanisms to unsure euthermia have evolutionary, biological, and physiological
importance.

Additionally, mechanisms that enhance energy expenditure and regulate

brown fat thermogenic capacity are of great interest for understanding the ways brown
fat may work to counteract obesity and metabolic disease, and even to explain the
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heterogenous occurance of active brown fat in adult humans. Previous work (Chapter 3)
demonstrated that the class I histone deacetylase HDAC3, functions as a transcriptional
coactivator for the nuclear receptor ERRα. HDAC3 activates brown adipose thermogenic
enhancers to ensure thermogenic aptitude and cold survival, through priming the
thermogenic transcription program.
As

models

of

cold-intolerance

and

brown

adipocyte

dysfunction

have

demonstrated the capability to adapt to cold, we studied the effect of moderate cold on
BAT-specific HDAC3 KO mice. We found that a brief exposure to 15 °C activated
defective Ucp1 expression. HDAC3 knockout mice exposed to moderate cold
temperatures and subsequently returned to ambient housing conditions, were imparted
with a lasting thermogenic aptitude for cold-survival, thus overcoming the effects
stemming from genetic loss of HDAC3, to ensure cold survival. Transcriptional profiling
of control and HDAC3 KO BAT demonstrated a convergence of gene expression
towards a more common population, indicative of a cold-induced epigenetic program
influencing brown adipose thermogenesis, as these pathways were significantly induced
independent of genotype.
Our study shows that moderate cold increases the transcriptional activities of
enhancers bound by ERRα in an HDAC3-independent manner throughout the BAT
genome. These transcriptional changes are additionally accompanied by increased
transcriptional activation at brown fat enhancers enriched for C/EBP, which may
contribute to the verified activity at sites of ERR binding. In addition, as ERRα
transcription is dependent upon the transcriptional coactivator PGC-1α, we have
demonstrated robust moderate cold induced transcription of PGC-1α including isoforms
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from an upstream alternative exon. Moderate cold promotes enduring expression of the
PGC-1α4 isoform in BAT, which works to promote the retained and enduring expression
of Ucp1 and OXPHOS genes. However, it is worth noting that other factors, such as
enhancers bound by C/EBP, may further contribute to the pro-thermogenic phenotype of
brown fat.
Our work uncovers a cold-induced epigenetic memory that facilitates an enduring
pro-thermogenic phenotype in BAT, which overcomes the genetic deficiency of HDAC3
deficiency in BAT and promotes an enduring transcriptional response in wild-type BAT.
Evolutionarily, the presence of a cold-dependent epigenomic memory, would serve to
interconnect an animal’s past environmental exposure to the genome, to better prepare
against future bouts of cold. Thus, brown adipose exhibits unique molecular geneenvironment interactions of physiological significance to survive dangerous cold
temperatures.
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Figure 4.1: Moderate environmental cold exposure circumvents HDAC3dependent Ucp1 expression.
a, b, BAT mRNA levels in Ucp1-cre HDAC3 KO versus control littermates (22 °C: n = 5,
6; 15°C, 24 h 22 °C: n = 5, 8): a, Hdac3; b, Ucp1. c, BAT UCP1 protein levels in Ucp1cre HDAC3 KO versus control littermates (22 °C: n = 3, 3; 15°C, 24 h 22 °C: n = 3, 3). d,
H&E histology of BAT from Ucp1-cre HDAC3 KO versus control littermates housed at
22 °C or exposed to 15°C for 24.
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Figure 4.2: HDAC3-independent thermogenic pathways facilitate sustained
BAT thermogenesis and cold survival.
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Figure 4.2: HDAC3-independent thermogenic pathways facilitate sustained
BAT thermogenesis and cold survival.

a, b, Effect of acute cold exposure from standard housing at 22 °C to 4 °C on Adipoq-cre
HDAC3 KO (Hdac3f/f) mice versus control littermates (n = 14, 13), Ucp1-cre HDAC3 KO
mice versus control littermates (n = 13, 13): a, core body temperature; b, survival. c, d,
Effect of acute cold exposure from standard housing at 22 °C to 4 °C, following 24 hours
at 15 °C and 24 hours of recovery at 22 °C, on Adipoq-cre HDAC3 KO mice versus
control littermates (n = 10, 10), Ucp1-cre HDAC3 KO mice versus control littermates
(n = 7, 10): c, core body temperature; d, survival. e, f, Effect of acute cold exposure from
standard housing at 22 °C to 4 °C, following 24 hours at 15 °C and 7 days of recovery at
22 °C, on Adipoq-cre HDAC3 KO mice versus control littermates (n = 7, 5), Ucp1-cre
HDAC3 KO mice versus control littermates (n = 6, 6): e, core body temperature; f,
survival.
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Figure 4.3: HDAC3-independent thermogenesis requires Ucp1 for survival.
a, b, Effect of acute cold exposure from standard housing at 22 °C to 4 °C, following 24
hours at 15 °C and 24 hours of recovery at 22 °C, on Adipoq-cre HDAC3 KO, Ucp1+/+;
Adipoq-cre HDAC3 KO, Ucp1-/-; and HDAC3f/f, Ucp1-/- mice versus control HDAC3f/f,
Ucp1+/+ littermates (n = 5, 7, 6, 8 respectively): a, core body temperature; b, survival.
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Figure 4.4: Environmental cold exposure imparts an epigenetic memory
promoting thermogenic gene expression.
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Figure 4: Environmental cold exposure imparts an epigenetic memory to
promote thermogenic gene expression. a, Unbiased principal component analysis
(PCA) plot, visualizing the relatedness of whole transcriptomes from the RNA-seq of
Ucp1-cre HDAC3 KO versus control littermates (n = 4, 4) at 22 °C, Ucp1-cre HDAC3 KO
versus control littermates (n = 4, 4) exposed to 15 °C for 24 hours (h) and allowed 24 h
of recovery at 22 °C, and Ucp1-cre HDAC3 KO versus control littermates (n = 4, 4)
exposed to 15 °C and allowed 7 days of recovery at 22 °C b, Scatterplot of RNA-seq
data showing HDAC3-regulated BAT genes from Ucp1-cre HDAC3 KO versus control
littermates (n = 4, 4) samples in a) (fold change >1.5 up (red) or down (blue) and false
discovery rate (FDR) < 0.01). RPKM, reads per kilobase per million. c-d, Gene Ontology
(GO) biological processes of gene clusters 1 and 2 from hierarchical clustering analysis
of RNA-seq data (Ext. Data 3b) and selected by adjusted P-value score. e, Heat map
depicting oxidative phosphorylation genes discovered in clustering and gene ontology
analysis and visualized by average z-score of RNA-seq replicates. f, Electron
micrographs of brown adipose mitochondria from Ucp1-cre HDAC3 KO versus control
littermates at 22 °C and following exposure to 15 °C for 24 h and allowed 24 h of
recovery at 22 °C at 15,000x magnification. Scale bar, 500nm.
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Figure 4.5: Moderate cold activates estrogen-related receptor α enhancers
independent of HDAC3.
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Figure 4.5: Moderate cold activates estrogen-related receptor α enhancers
independent of HDAC3. a, Differential enhancer RNAs (eRNAs) measured by GROseq in Adipoq-Cre HDAC3 KO mice versus control littermates (n = 10, 10; pooled
biological replicates per library) at 22 °C and following 24 h at 15 °C. Outlined red box
highlights cold induced eRNAs common to both control and HDAC3 KO BAT, whereas
blue box highlights cold repressed eRNAs. b, De novo motif search at cold induced
eRNA sites in control and HDAC3 KO BAT (ranked by P value). c, Average ERRα ChIPseq profile in control littermates performed at 22 °C (n = 5, pooled biological replicates
per library) at enhancers with differential eRNAs in HDAC3 KO at 22 °C. Significant
ERRα found at HDAC3 KO-repressed eRNAs relative to unchanged eRNAs. d, Average
eRNA transcriptional profile at ERRα bound enhancers in HDAC3 KO BAT at 22 °C
(dashed line) and in HDAC3 KO BAT following 24 h at 15 °C (solid line), demonstrating
significantly increased eRNA transcription upon moderate cold (P = 6.8e−28).
.
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Figure 4.6: Cold induces expression of the alternative Pgc-1α 4 isoform to
promote Ucp1 expression.
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Figure 4.6: Cold induces expression of the alternative Pgc-1α 4 isoform to
promote Ucp1 expression.
a, Genome browser tracks of the Ppargc1a locus highlighting GRO-seq data (22 °C,
15 °C, [y axis scales in brackets: reads per million]) from control and HDAC3 KO BAT,
data displaying nascent gene body transcription from the proximal promoter and
alternative promoter (encoding alternative exons 1b and 1b’ for used in isoform splicing).
b, c, BAT mRNA levels in Ucp1-cre HDAC3 KO versus control littermates (22 °C: n = 5,
6; 15°C, 24 h 22 °C: n = 5, 8): b, Pgc-1α1 mRNA transcript transcribed from the proximal
promoter; c, Pgc-1α2-4 isoform mRNA transcript transcribed from the alternative
promoter. d, e, BAT mRNA levels in Ucp1-cre HDAC3 KO versus control littermates
(22 °C: n = 13, 10; 24 h recovery at 22 °C: n = 9, 11; and 7 day recovery at 22 °C:
n = 10, 11): d, Pgc-1α1 mRNA transcript transcribed from the proximal promoter; e, Pgc1α4 isoform mRNA transcript transcribed from the alternative promoter. f, Luciferase
reporter assay of transcription driven by Ucp1 enhancer (−6 kb) bound by ERRα,
demonstrating effects of ERRα coactivated by PGC-1α1 or PGC-1α4 (n = 3 replicates
per condition). e, RT–qPCR analysis of Ucp1 mRNA expression in mature brown
adipocytes after siRNA knockdown of Pgc-1α transcripts containing the alternative exon
1b versus scramble siRNA (n = 3, 3). f, BAT mRNA levels in Ucp1-cre HDAC3/PGC-1α
DKO versus control littermates following 24 h recovery at 22 °C (22 °C: n = 5, 6; 24 h
recovery at 22 °C: 3, 5).
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Extended Data Figure 4.1: Moderate environmental cold rescues Ucp1
expression in Adipoq-cre HDAC3 KO mice.
a, b, BAT mRNA levels in Adipoq-cre HDAC3 KO versus control littermates (22 °C:
n = 3, 4; 15°C, 24 h 22 °C: n = 3, 4): a, Hdac3; b, Ucp1. c, BAT UCP1 protein levels in
Adipoq-cre HDAC3 KO versus control littermates (22 °C: n = 3, 3; 15°C, 24 h 22 °C:
n = 3, 3).
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Extended Data Figure 4.2: Moderate cold acclimation and recovery protocol
for control and HDAC3 KO mice.

a, Diagram of moderate cold exposure paradigm. (1) Mice housed at 22 °C are
subjected to acute cold tolerance testing (CTT) directly from 22 °C to 4 °C, or (2) from 22
°C following 24 hours exposure to 15 °C and a 24 hour recovery back at 22 °C, or (3)
from 22 °C following 24 hours exposure to 15 °C and a 24 hour recovery back at 22 °C.
Gene expression analysis performed and designated as (4) “24 hour Recovery” or (5) “7
day Recovery”, where exposed to 15 °C and subsequently returned to housing at 22 °C
for designated time. All mice used throughout these protocols were male mice 10-12
weeks of age
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Extended Data Figure 4.3: Unbiased hierarchical gene clustering identifies
sustained HDAC3-independent induction of Ucp1.

a, BAT Ucp1 mRNA levels in Ucp1-cre HDAC3 KO versus control littermates (22 °C:
n = 13, 10; 24 h recovery: n = 9, 11; 7 d recovery n = 10, 11). b, Unbiased hierarchical
gene clustering analysis (n = 4, 4 biological replicates per condition and pooled into one
average of replicate for visualization) identification of gene cluster 1 and 2, which contain
Ucp1 and OXPHOS genes, and display prolonged transcription increases in following
moderate cold in both control and HDAC3 KO.
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Extended Data Figure 4.4: BAT-specific ablation of PGC-1α downregulates
Ucp1 expression.
a, b, BAT mRNA levels in Ucp1-cre PGC-1α KO versus control littermates (22 °C: n = 7,
4): a, Pgc-1α ; b, Ucp1.
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Chapter 5
Summary and Future Directions
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Summary and Discussion:
In Chapter 3, we investigated the role of HDAC3, the sole histone deacetylase of
the nuclear receptor corepressor complex, in brown adipose tissue through the
development of two novel mouse models. Using tissue specific models of pan-adipose
and BAT-specific HDAC3 ablation, we demonstrated a critical role for HDAC3 in
promoting the thermogenic program of brown adipose tissue. Using a variety of
physiological and phenotypic assays, we demonstrated that HDAC3 is necessary for
cold survival and the prevention of environmental cold-induced hypothermia. Further, we
demonstrated that HDAC3 is required for the transcription of Ucp1 and mitochondrial
oxidative phosphorylation genes.
Despite the failure to defend core body temperature upon transfer from room
temperature to extreme cold, HDAC3 KO mice were able to adequately maintain core
body temperature while at ambient room temperature. It is important to note, that at
room temperature mice are below the threshold of thermoneutrality, where mice must
increase their metabolism to defend against cold temperature (Golozoubova et al., 2006;
Nedergaard et al., 2001a, 2001b). Despite the dysfunction of interscapular brown fat, we
observed no compensatory browning (Schulz et al., 2013) of the HDAC3 KO mice
inguinal depots, which contain inducible beige fat cells. Further, despite impaired brown
fat thermogenesis we observed no changes in body weights upon challenge with high-fat
diet at both room temperature and thermoneutrality, indicating that alternative Ucp1independent pathways may be activated in HDAC3 KO mice to defend core body
temperature and maintain counteract body weight (Kazak et al., 2015; Long et al., 2016;
Ukropec et al., 2006).
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We explored and determined the mechanism of HDAC3 function in brown
adipose tissue, through combinatorial transcriptome, cistrome, and functional enhancers
studies utilizing next generation high-throughput sequencing technologies. We took an
innovative approach to bioinformatically integrate multiple layers of deep sequencing
datasets to uncover a novel mechanism in brown fat thermogenesis. We utilized global
run-on sequencing to quantitate nascent transcription genome-wide at gene bodies, but
also to utilized bioinformatics to call non-coding enhancer RNAs (eRNAs) genome-wide
at ~25,000 enhancer sites. We discovered that enhancers bound by HDAC3 have
repressed eRNAs upon knockout of HDAC3 and these sites also display decreased
enrichment of Histone H3K27ac which is a marker of active enhancers. These same
enhancers also showed strong enrichment for the brown fat lineage factors C/EBP
(Manchado et al., 1994; Siersbaek et al., 2014) and EBF2 (Rajakumari et al., 2013;
Shapira et al., 2017), which raising interesting questions about their connection to
HDAC3 biology. However, mapping eRNAs gave a distinctive advantage for identifying
important changes at enhancers genome-wide. First, the eRNA is derived from active
transcriptional events and is not a proxy marker like H3K27ac. Second, while H3K27ac
gives large swaths of genomic enrichment, eRNAs are generally within a few hundred
bases of a transcription factor binding site. Therefore, using eRNAs, we could precisely
map and perform de novo enhancer motif calling to gain a more precise understanding
of what transcription factors are being modulated and/or working with HDAC3 at those
specific sites.
Through these strategies, we were able to identify a novel mechanism for
HDAC3 in brown adipose, as well as identify an underappreciated role for the EstrogenRelated Receptor family in BAT. We demonstrate functional interaction at the level of the
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genome for HDAC3 and ERRα, and demonstrated using a variety of in vivo techniques
and transcriptional assays that HDAC3 functions as a coactivator of ERRα.
ERRα activity requires PGC-1α for transcriptional activation, and in cellular transfection
assays we demonstrated HDAC3 deacetylates PGC-1α to activate coactivator functions.
Despite demonstrating this result on cellular and biochemically purified pools of PGC-1α,
we were not able to demonstrate this in vivo through co-immunoprecipitation approaches
due to weak and non-specific antibodies. Our results demonstrate in principal that
HDAC3 may deacetylate other brown fat transcription factors and coregulator molecules.
Finally, we demonstrated through genome-wide nascent transcription assays that
HDAC3 is required for the basal transcription of the thermogenic genes Ucp1 and Pgc1α at both room temperature and thermoneutrality. This finding signifies that HDAC3
works independently of adrenergic-signaling and that it is a basal transcriptional
coactivator of thermogenic genes. Recently, it has been demonstrated that a genentic
deficiency

of

Ucp1

may

influence

the

expression

of

mitochondrial

oxidative

phosphorylation genes (Kazak et al., 2017). However, it is important to highlight that the
observed deficiency in mitochondrial oxidation gene transcription occur only following
long-term chronic cold adaptation in Ucp1 knockout mice. Here, we report dramatic
transcriptional changes in oxidative phosphorylation gene at both thermoneutrality and
room temperature, which are dependent on HDAC3.
In Chapter 4, we made the surprising discover that the genetic requirement for
HDAC3 in brown fat for Ucp1 expression can be circumvented by brief acclimation to
environmental cold. Following a 24-hour exposure at 15C, HDAC3 KO mice can
reactivate Ucp1 expression and survive subsequent cold challenges, extending at least
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7-days past the initial moderate cold experience. To address the mechanisms, which
facilitate cold rescue, we performed RNA-seq and GRO-seq to map the transcriptional
profiles of pre- an post- moderate cold-dependent rescue of the thermogenic gene
program.
The change in thermogenic gene expression must be regulated at the level of
chromatin to activate defective Ucp1 transcription. Therefore, there must be persistent
changes to the epigenome that facilitate the enduring pro-thermogenic cold program in
HDAC3 KO BAT. Transcriptionally, we observed sustained gene expression and
principal component analysis of the HDAC3 KO and control tissue demonstrated a
convergence, or greater similarity, between samples that had experience cold. GRO-seq
enhancer eRNA analysis also revealed that ERRα enhancers were upregulated upon
exposure to cold temperature. Therefor, upon inspection of the PGC-1α, needed for
ERRα transcritional activity, we observed dramatic induction of a cold-induced
alternative transcription driving expression of isoforms with little characterization in most
tissues. Through a candidate-based approach, we showed that PGC-1α4 maintained a
sustained induction for several days following cold exposure. Knockdown of this isoform
in cells diminished Ucp1 expression, and upon double knockout of that PGC-1α and
HDAC3, we observed impaired induction of Ucp1 following moderate cold.
In light of Chapter 4, there are interesting ways forward to further address the
hypothesis that BAT contains an epigenetic memory of cold exposure, which works to
overcome brown fat deficiencies, which may occur in an organism to promote cold
aptitude. Several approaches may be able to further and better characterize the changes
occurring to chromatin during these time points. Gaining an understanding of how this
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putative mechanism functions may help understand the brown fat paucity or abundance
observed in humans.

Future Directions:
Identify the effect ageing on HDAC3 KO in beige and brown fat.

Following the publication of our work in Chapter 3, a paper utilizing a different
allele of HDAC3 published findings from aged mice that differed from our discoveries in
young adult mice (Ferrari et al., 2017). Notably, while we see impaired brown fat
function, severe cold intolerance and no appreciable change in the browning of inguinal
adipose depots by both qPCR and RNA-seq in 12-week old adult male mice, it was
demonstrated in significantly aged mice that loss of HDAC3 led to increased browning of
the inguinal depot and warmer body temperatures during prolonged cold exposure, with
no

appreciable

thermogenic

gene

changes

in

the

interscapular

BAT.

We

bioinformatically analyzed our unpublished inguinal HDAC3 knockout data (using
Adiponectin-cre) from 12-week old mice to available GEO datasets (Ferrari et al., 2017)
and we do not observe statistically significant changes in iWAT Ucp1 levels in either
dataset. However, we do observe similar enrichment in gene ontology pathways, with
enrichment

of

mitochondria

processes,

metabolic

pathways,

and

oxidative

phosphorylation. Mouse background strain effects, differences in recombination
frequency between conditional alleles, diet, and environmental/housing differences may
contribute to observed differences. Intriguingly, ageing may impart an epigenomic
change within the adipose depots, which is regulated differently by HDAC3 in old versus
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young mice. Therefore, using our BAT-specific HDAC3 KO mice, we propose to age
mice to ~35 weeks and extensively characterize gene expression, UCP1 protein
expression, mitochondrial content, adipose morphology, and in subsequent groups
conduct physiological cold tolerance phenotyping.

Characterization and phenotyping of HDAC3 KO in beige adipocytes.

Our gene expression analysis of the inguinal adipose depots revealed no
significant changes in browning genes. However, a major hurdle in identification of beige
fat transcriptional programs is their physical embedding within the white adipose depots.
Development of a Ucp1-Cre, HDAC3f/f, ROSAmT/mG reporter mouse with a cell
membrane-targeted, two-color fluorescent Cre-reporter allele, would allow for the cellular
purification of Ucp1-Cre-positive and Ucp1-Cre-negative beige cells based upon Cremediate recombination. Such an approach would allow extensive characterization of the
role of HDAC3 in these cells as compared to classical brown adipocytes. Further,
isolated single cells could then be subjected to single-cell RNA-seq for comprehensive
transcriptome analysis and comparison to HDAC3 KO BAT data. These data would
provide great insight into the differing role of HDAC3 function between BAT and beige
cells. Changes in metabolic pathways of the beige cells may exist contributing to the
maintenance of core body temperature and metabolic inefficiency in mice lacking
HDAC3 in adipose. Putative changes in these pathways could then be further tested and
interrogated in primary inguinal cell culture systems and subjected to cellular metabolic
phenotyping assays. A parallel series of experiments could be performed to evaluate the
effect of high-fat diet on the beige cells of HDAC3 control versus HDAC3 knockout.
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Identification of the Brown Fat HDAC3 Interactome.

While we have learned much about the mechanism of HDAC3 coactivation of
ERR transcriptional activity, much remains to be learned about the HDAC3/NCOR
complex in brown fat. Using a new CRISPR-generated HDAC3-FLAG eptitope tagged
mouse, a high-confidence HDAC3 interactome in brown fat would help further elucidate
its surprising activator function in brown fat. In liver, a similar approach identified a novel
HDAC3-PROX1 interaction important for controlling hepatic triglycerides (Armour, S.M.,
et al.2017). I hypothesize the HDAC3/NCOR complex in brown adipose tissue has
unappreciated coregulatory interactors which help facilitate the unique and surprising roe
of HDAC3 in brown fat. This approach would additionally be complemented by analysis
of the acetylation post-translational modifications on identified proteins, as they may be
modulated by HDAC3. Cistromic data for HDAC3 in BAT has revelaed dramatic
enrichment for brown fat enhancers enriched with EBF2 and C/EBP-β binding.
Characterization of the HDAC3 proteome may reveal interesting interactions with other
molecules that interact with EBF2 and CEBPs. It is possible that at these brown fat
enhancers, there is significant co-regulation between multiple factors to control
thermogenic function. Establishing functional interactions may increase our ability to
develop small molecules to disrupt or promote complex function, rather than inhibition of
specific molecules.
Identify and characterize HDAC3-catalytic-dependent and catalytic-independent
functions in brown fat.
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Research presented in chapter 3 assesses the role of HDAC3 loss of function in
brown adipose tissue. However, work from liver and heart suggests (Lewandowski et al.,
2015; Sun et al., 2013) HDAC3 mediates significant biological effects on physiology
through catalytic-independent functions. While our work establishes a role for HDAC3
deacetylation of PGC-1α, important gene and pathway regulation in brown fat may exist
for which we currently lack appreciation. Utilizing a mouse model harboring the HDAC3
point mutation, Y298F (Sun et al., 2013) that leads to a catalytically dead enzyme we
would extensively phenotype and transcriptionally profile the role of HDAC3 catalytic
function dead in brown fat. These results may complement the HDAC3 interactome
studies in above, if HDAC3 were found to have a subset of sites requiring its presence
for scaffolding effect rather than its deacetylase activity.

Characterization of NCoR and SMRT in BAT.

As HDAC3 lead us to uncover a novel function in brown adipose, we would
expect either NCOR and/or SMRT to exhibit a similar phenotype to HDAC3 KO mice.
However, NCOR and SMRT interact with nuclear receptors, so the loss of one or both of
these factors may be especially complex. It remains unclear what the functional
redundancies and differences are among NCOR and SMRT, as well as their tissue
specific roles. Tissue specific depletion of either or both corepressor, will allow us to
make insight into their contribution to the HDAC3 KO phenotype in brown adipose.
Interestingly, the SMRT first receptor interaction domain (mRID1) mouse model (Fang et
al., 2011), suggests SMRT functions to promote expression of oxidative phosphorylation
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genes, similar to the function of HDAC3 in adipose. However, much is to be learned from
the conditional loss of NCOR and SMRT function in brown fat.

We can further

characterize the role of NCOR and SMRT in beige cells.

Moderate cold-induced epigenomic memory in BAT.

The existence of brown fat epigenetic memory is intriguing and may be rigorously
characterized through GRO-seq of ambient, cold, and post-cold timepoints of brown fat,
with attention paid to differential and persistent enhancer activation. Further, we can
perform ChIP-seq for common histone modifications, and characterize the epigenomic
marks induced by cold and those that gained or lost as a function of temperature and
time. Further, most analysis may be performed to identify associated motifs and
transcriptional regulatory molecules. Extensive physiological phenotyping of control mice
would be performed to extensively characterize changes in body temperature, lipid
profiling, and glucose metabolism.
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